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GENERAL \ PREFACE 


The rapid davelopment of Applied Chemistry in recent years 
has brought about a revolution in all branches of technology. 
This growth has been accelerated during the war, and the 
British Empire has now an opportunity of increasing its 
I industrial output by the application of this knowledge to the 
raw materials available in the different parts of the 'world. 
The subject in this series of handbooks will be treated from 
the chemical rather than the engineering standpoint. The 
industrial sppect will also b^ more prominent than that of 
tfie laboratory. Each volume will be complete ij\ itself, and 
wiy gi^e a general survey of the industry, showing how 
chemical principles have^bien applied and >have affecte^ 
manufacture. The influence of new inventions on the 
development of the industry wilJL be shown, ^ algp the 
effect •of industrial requirements in stimulating invention. 
Historical notes will tfe a feattjre m dealing with the 
different branches of the subject, but they will be kept 
within^oderate limits.^ Present tendencies and possible 
future devilopm^ts will have attention, and^ some ^ace 
will fle«devot^d to a comparison of industrial -methock an^ 
progfess in fhe chiel producing countries. There will 
general bibliography Jand also a s^eef bibliograjjihy to follow 
each section. Statistical iAormation will only ^introduced 
in so far A it serves to illustfatj the line of argument? 

Each book will be divided into sections fiistead of 
chapters, anj^ the^sectious will deal with separate branches 
pf the subject in the man]ier of a special article or monb- 

Atl' aff Atnrkf 'nrill in -fonf Via maAtk Vn crAftanreur 
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ment original, but also to ap^al t6^^the very laffge class of 
readers already possessing good textbooks, of which there 
are quite sufficient. The hooks should also be found useful 
by men of affairs having no special technical knowledge®, but 
who may require from time to time to refer to technical 
matters in a book of moderate coi^ass, with references to 
the large standard works for fuller details on special points 
if required. 

To the advanced student the books should Jbe especially 
valuable. His mind is often crammed with" the hard facts 
and details of his subject which crowd out the power of 
realizing the industry as a whole. These books are intended 
to remedy such a state of affairs. While recapitulating the „ 
essential basic facts, they will aim at presenting the reality 
of the living industry. It has long been a drawback of our 
technical education that the college graduate, on commencing 
his industrial career, is positively handicapped by his 
academic knowledge because of his lack of information on 
cunent industrial conditions. A book giving ea fomp^e- 
Ijensive survey of the industi^ ^^can be of very material 
assistance to the student as an adjunct to his ordinary text- 
book^ an(tthis is one oi the chief objects of the present 
series. Those actually engaged in the industry whe have 
specialized in rather narrow limits *will probably find these 
books more readable than the larger textbooks when they 
wish tor refresh theic memories in r^ard to branchej^^of the 
subje^it with^which they are not immediatgly coijcerned. 

, The volume will also serve as a guide to^the steffdard 
literature of the subject,* and prove value* to the# con- 
sultant, so ^atjk having^ pbtained a cdlnprehensive view of 
the wholA mdustry, he can ^o af once to the proper 
£^uthdbties for more elaborate information on spefiial pomts, 
and thus save a couple of days spent in hunting through the 
libraries of scientific societies. ® . 

As fax ascthis country is concerned, it is believed that 
the generate scheme of this series ofi handbooks *is nniqrie/ ^ 
and it is confidently hoped tha^ it wilh supply 
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the orthodox ^textbook manniki^not only to make the 
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munillons for the coming tMustrial war. ]^ye been 
fortunate setSiring writers fy the different volumes who 
are specially connectli with the several departments of 
Industrial ChAnistry, and tjust^that the whole series will 
Qpntlibute to tjie further development of applied chemistry 
throughout the Empire, 


SAMUEL RIDEAL. 




FOREWORD 

BY 

DR. I A. HARKER, F.R.S. 


It is with the deepest regret that, on the eve of publication 
of this book, I have to record the untimely death of the 
author. 

For the past three years Dr. Greenwood had been in 
charge of the division of the Research Laboratory of the 
Ministry of Munitions at University College, dealing with 
the synthesis of ammonia fr#m its elements. As Director 
6f \he Laboratory, I have come into close contacj with hftii 
for jnor^ tliantthree years past, and have^ therefore had a 
unique opportunity of forniii^ a judgment of ihe high valu^ 
of the work he has accomplished. It is undoubtedly largely 
due to his untiring energy, research ^bihty^and ijlde^ow- 
ledge, fhat a sure foundation has bee^ laid for the future 
.dfevelopment (if the synthetic aminonia industry in this 


country. 

Although Only thirty-fwo years of age, he had lived lon^ 
enough ,to establish a scientific record of whidh a man of 
more #advancOd years might well be proud. Aihong the 
lon^ list of his publiAed researches ifiay b^ cited tho^ on 
reduction of refraAory'oxides, *the produclifln of ferro 
[ alloys aiid\he determination ^of jiie boiling-points j3if Aetalg 
' liigh temperatures aijd under varying pressures. All these 
carried#* out* at Iitanchester ^University. As 1851 
oUiScholar Greenwood worked ten yeftrs ago under 
: Haber at Karlsruhft on the study of cmtalysfS for 
syathSsis. 




He w&s Warded the ihtee of D.Sc. f^md 
University in 1912 at the eaily age pf twenty-hve, and 
Fellowship of the Institute of Chemistry inr 1918, , and 


O.B.E. in the present year/ i ^ 

The contents of tins volume testify to tie thoroughned^- 
of his knowledge in an imporJ:ant bxanch of modem chetni^^ 
try, but only those who have had the privilege of working 
with him can fully realize the great loss which science has 
suffered by the sudden termination of so brilliant a career. 


J. A. HARKER. 

Ministry of Munitions, 

24, Old Queen Street, 

London, S.W. i. 

November ^ 1919. 



AUTHOJl’S PREFACE 

The main aims of this book on Industrial Gases are to give 
a general account of the manufacture and technical manipu- 
lation of ga!tes,,to describe briefly the development and 
general principles of industrial gas technology and to present 
a collection of data likely to be useful in connection with 
such technology. 

, Many branches of gas manufacture are still in course of 
vigorous development, the war having been responsible for 
much progress, e.g, in the production of hydrogen, for 
aeronautical purposes and also for industrial processes such 
as the manufacture of synthetic ammonia. On this account 
itis difficult to give in all ca4s a final picture of the subject, 
an indication of the present trend being all that is practicable. 

irhis#and (Aher considerations have caused me to con- 
centrate more on the elucidation of general p^nciples than 
on very detailed treatment of the various processes involved 
Indeed, the latter alternative would have been impracticable 
in the jpresent volume on account of the tnoriffiDuslfeld to 
be covered. 

Special attention has been paid -to the question of gaseous 
equilibria ; the ever-growing importance of heterogeneous 
catalytk gasjreactionS is feature of the present situation. 

In the introductory chapter the more important general 
consi!lefation§ relating to the manufacture and use of gases 
are briefly discussed, while tables of reference data in the 
form required for immediate use in •technical practice are 
appended. 

Prom tiiis book have been excluded certain'gasep such 
as hydrogen chloride, chloAie,* ammonia, etc., pvhich aie 
treated elsewhere in this series. In view»of the dependence 
on fuel gaset of most of *the important industrial gases for 
their mantjfacture and on apcount of the intimate connection 
• of the methods of productiqii of fuel gases with*the^ general 
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question Df ftidustrial gasesla concise sui^ qt tue manu- 
facture and applications of faseoil!^ fuels has been included. 
The subject is not treated exhaustively as it will be ftirther 
elaborated in a later volume of this series. * • 

Throi^hout the book \:ons^derable attention has* bej n 
devoted to patents wliere such patents relate to differences 
in principle ; although much of th^ubject-matter of patent 
literature is superficial and cfiide, there is valuable historical 
and technical information to be obtained from the same. 

A word may be said here with regard to units. While the 
metric system has many undoubted advantages in dealing 
with gases as in other connections, it is not in common usage 
in this country and consequently all gases have been con- 
sidered on the basis of looo ft .3 at 15° C. under a pressure of 
one atmosphere. As regards thermal quantities, since all 
modem chemical works now use the Centigrade thermometer* 
the usual B.T.U. has been replaced by the more convenient 
C.H.U. (Centigrade Heat Unit). 

Free use has been made in some cases of many excellent 
existing textbooks, from whidi matter and references have 
b^en draw^. 

Further, I desire to express my thanksdor.inf^rmation 
received froip various sources^ especially to the Moving : 
Sir George Beilby, Messrs. A. ifoake, Roberts & Co., Utd., 
Mr. E. M. Boote, Messrs. The Carbonic Acid Gas Co., 
Mess!^ & J®I)em|feter, Utd., Dr. R. Lessing, and Dr. 
E. B. Maxted. Assistance was also given by fhe late 
Thos. Tyrer. t * ^ 

Finally, I must record my indebtedness to my wife, 
Mary fj. Greenwood, B.Sc., for her* constant he|p. in the 
•coUejtion of information and the revision of thq MS. 

H. C. G. 


London, 

Octcb^ 1 ^ 19 . 



eeN'^ENTs 


PAOB 

GENERAL PREFACE. v 

AUTHOR’S PJIEFACE ix 

CONTENTS . * xi 

INTRODUCTION i 

Avogadro’s Hypothesis. Laws of Gay Lussac and Dalton. Boyle’s Law. 

Law of Charles and Gay Lussac. Absolute zero of temperature. 
Solution: Henry’s Law; Dalton’s Law. Sorption. Diffusion. Per- 
meability of materials. Critical temperature and pressure. Permanent 
gases and vapours. Joule-Thomson Effect. Specific heats of gases. 
Latent heats of vaporisation and fusion. Thermochemistry. Thermo- 
dynamical principles governing c^jsmical equilibria in the gaseous state ; 
the chem^al constant. Velocity of reaction. Heterogeneous catalytic ^ 
gas reactions : reaction velocity ; output and completeness^ Viscosity 
of gases ^ str|^m-line and turbulent motion. Resistance to flow of 
gaseP. Influence of difference ^ level. Physical %iethods of testing 
the purity of gases : gas interfirometer ; density j effusi Jn ; acoustical 
methods. Separation of gaseous mixtures. Separation of liquid or solid 
particles from gases. Methods of measur^g volumes and rq^ o^ow 
of gases. Automatic safety and purity tests, 'Bite d^ll^ression of 
ga^s : work of compression ; adiabatic comp|^ssion ; isothermal com- 
pression. N|^ on compitssed gases : ^safety precautions. Liquefied 
gases. Heat-interchange. Desiccation of gases. 'The storage of gas. 
Reference data, References . . 


PART •!. 

THE dASES OF THE ATMOSPHERE 

SICHON I5--AIR. 

Properties ot air. Composition of th| atmosphere . . *59 

The liquefaction of the permanent gase^ (air). Theory of coolifcg by the • , 

Joule-'Tfiomson Effect : expansion at - lOO® C. ; liie case of hydwgen . . 6 o 
ManufactuiIi^;^? L 4 QUID Afti ; Useful constants, ^ampson system. ^ 
Linde system: effect of pre-cooling. Claude system . ^ . . 69 * 

Properties oPliquid air. Applicatibns of liquid air. Separatioi^of the con- 
. stituents of liquid air : theoretiwfl considerations . ^ 77 



xif COMEi^Ti 

t 

c 

U V * 

Manufacture of Oxygen and Nwrogeij. Linde djrtemi Oxygen 
plants Nitrogen plants. New Linde systeift.^ Claude systeh. Pictet 

system 

Separation of the rare gases . .<• . . . . .0 . 

References < i 


Iaob 


81 

92 

92 


SECTION II.— OXYGEN. 

I 


Properties of oxygen 93 

Manufacture : 

General ^ , . -94 

By the fractionation of liquid air . . . . ^ . >94 

By electrolysis 94 

By alternate formation and decomposition of higher oxides, etc. . . 95 

By auto-combustion methods 98 

By the action of water on peroxides and the like 98 

By physical methods (in the gaseous state) 99 ^ 

Compression of oxygen 100 

Comparison of costs of production and purity attainable by different processes loi 
Applications of oxygen : scientific and laboratory uses ; therapeutic uses ; 

welding and cutting of metals ; other applications . . . .102 

Oxygen-enriched air : use in the blast furnace ; use in the arc process for 
t nitrogen fixation ; use in the Hausser process ; other applicat^ns . 196 

Estimation andHesting of oxygen 108 

References . . ^ . u . , . 109 

. . - ' ■ -' W — 


SECTION III. -NITROGEN. 


Properties of nitr^fgen ^ ^ . 1 10 

Manufacjure : ^ 

General . . . . ^ . . . . - ^ . .111 

By the froctiouation of liquid air 1 12 

By direct chemical removal of the oxygen from air^ . ,112 

c From producer gas and products of combusticfii , . ^ . 114 

By physical methods (in the gaseous state) . . v . ^ . • nS 

^ By direct chemical methods * . . . . ' ^ 116 

Purification of nitrogen: from caiPbon monoxide; from carl^n dioxid^; 

from oxygen ; from sulphuc compounds 116 

CompaHson of costs \)f product^ and purity attainable by the different 
processcsce . . . . . * . . . . 117 

AppUcalions of nitrogen^nitrogen fixation: cyanamide proce&k; the* 

^ synthesis Cof ammonia ; the formation of metallic nitrides ; the direct 
production of cyanides ; the Hausser process i comparison of the 
power requiremei^ts in various nitrogen^ fixation ^processes; other 


applications . ^ .117. 

Estimation and^testing of nitrogen . . * . . . • • .12a 

RhferenCie^. c c . . . . • . * X22 * 



toi^ENTS 


3dti 


SECTION MT.-THE; RAjflE GASE§ OF THE 
ATJIOSPHERE. 

General ^ . * . . . 

Histor^ of the discovery of the rare gases • 

Aft GON. Occurrence. Manufacture.* Properties fed applications . 
Neon. Occurrence. Isolation. Properties and ap^ications . 

HIblium. Occurrence. Manuf^fttre. igroperties and applications . 
Krypton and Xenon. Occurrence. Isolation and properties 

Niton 

References . . 


J33 

123 

124 

128 

130 

132 

132 

133 


SECTION V.— OZONE. 


Occurrence 134 

Properties of ozone 134 

Production of ozone : general j by chemical methods j by thermal treat- 
' ment of oxygen ; by electrolysis ; by photochemical means j by the 

electric discharge 136 

Manufacture : general principles of ozonizers : influence of the character 
of the discharge ; influence of dielectrics ; relation between energy, 


concentration and production; influence of moisture; influence of 
^ temperature; materials of construftion. Construction and production 
of the various commercial types of ozonizers . . . ^ . . I40 

Applications of oz^e : water sterilization ; air purification ; chemical 
tpplicftions ; other applications . . . - t . .145 

Detection and estimation of ozone . . . I4g 

References 150 


PART II. 

HYDROGE^, CARBON. MONOXIDE, 
CARBON DIOXIDE, SULPHUR DI- 
OXIDE, nitrous OXID^, ASPHYX- 
4ATiTs[g gases. 

SECTION VI.-HYDROGEN. STATIONARY 
PLANTS. ' 

Occurrence . 

Physical properties. Liquid hydrogen # properties. Chemical propertief . 152 
Manufacture (Stationary Plants): * ^ 

General . . . • . ... 155 

From water ips— replacement of carbon monoxide by hydrogen . .156 

B.A.M.A.G. continuous catalytic process : theory of die^.A.M.A.G. 

coiflinuous catalytic procels • • ^ • <59 

Griesheim-Elektron process : thdbry of the G riesheim-Elektfon prflcdls 164 



xfv 


CONTEiiT^ 


Manufacture (Stationary lhjLii ' ss )' i — continued . pack 

From water gas— jpy liquefaction the corbon monofide : Jhe Linde- * 

Frank-Caro process . . 0 e 

By the kction of water or steam on iron or carbon • « • > * • <74 

General . . . ^ / . . . . 174 

Iron oxide processes : Lane {)rocess ; Messerschmitt process ; pro- ^ 
cess of the Intemad(£iale Wassersfoff A.G. ; Straclfe process . I 75 

Dieflfenbach and Moldenhaucr process . ^ 185 ' 

Bergius process . . . f . ? 187 

By the decomposition of hydrocarbons : Carbonium Gesellschaft pro- 
cess ; Rincker and Wolter process ; Oechelhauser process ; 
B.A.M.A.G. (Bunte) process . . « . . • .189 

By electrolysis ^ . 194 

General. Principal electrolytic processes used in practice : Schuckert 
process ; Schmidt process ; Garuti process ; Schoop process ; Inter- 
national Oxygen Co.’s processes ; other processes. Danger limits 
as regards intermixing in electrolytic hydrogen and oxygen. 

Hydrogen as a by-product 194 ^ 

Other processes for the manufacture of hydrogen . . . - 203 

By the action of acids or alkalis on metals 203 

Separation from water gas and the like by physical methods . . 204 

Through the intermediary of formates 205 

Miscellaneous methods 205 

Production of a mixture of nitrogen and hydrogen for use iji synthetic , 

® ammonia manufacture 207 

Methods of final purification of hydrogen. From carbon ^5nonpxide : by 
soda-lime j by crfustic soda solution^* by cuprous chloride solfition 
^ by conversion into methane; by calcium carbide. From carbon 
dioxide. From sulphur compounds. From other impurities . . 207 

Comparison jjf costs of production and purity attainable by the different 

mefirods ^ o’*** 

Applications of hydrogen : ^hydrogenation of oils and fats ; manufacture of 
synthetic ammonia ; other npolications 

References «** * 


_ c • V 0 

SECTION yiL— THE PRODUCTION OF HYDROGEN 
. ‘ FOR MILITARY PURPOSES^ 

• 

Field processes . . 2*3 

Portable apparatus fSr use in th^^eld • - • * • • * ' . . ‘ 

Silicon a®^ ‘*Silicol” processes: the ochucxert process; the Silicol 
process . . ^ ^ ^ 224 

o Hyiogende process . . . 2*7 

Hydrolith process -o • • • • * ! .* 

By the action of ^cids and alkalis on mel&ls; actiqn of sulphuric acid 
on iron or zinc ; action of caustic soda on aluminium ; action of 
activat^ afuminium on water . • . . . . • - *229 

' t O^Pprocesees . . . *3*' 




SECTION VIII.— CARBON MONOXIDE. 

Properties of carbon monoxide . 237 

Manufacture : • , 

Applications of carbon monoxide : general ; the Mond nickel process- 
metallic carbonyls — the refining of nickel by the Mond process ; the 
production of formates, oxalates and acetates ; the production of gases 
rich in methane ; the manufacture of phosgene— properties and uses 

L of phosgene ; other applications 241 

Estimation of carbon monoxide 254 


SECTION IX.-CARBON DIOXIDE. 

• 

Oc 9 urrence . * ^6 

Properties of carbon dioxide ; liquid carbon dioxide ; solid carbo* dioxide 256 
MAt^FACiyREt • 

General • * 259 

Generation of pure carbon dioxiae 25^ 

Utilization of natural sources . 259 

By the thermal decomposition of carbonate . . . 260 

By,the action of acids on carbonates . . 261 

Production as a by<product^n fermentation processes . 262 

By other metfgds . . 262 

Concentration of carbon dioxide from mixtures with other gases . 263 
By means of water unc^r pressure . • § • ^ . 263 

By tft alteitiate formation 8 nd decomposition of alkali bicarbonftes • 
insofction 264 

By liquefact^n • . 26^ 

B^duction fbd concentration of dilute Carbon dioxide from products 
of combustion ; Siirth system . ^ 

Production and Goncenti|tion dilute csi^n dioxidcffrom lime-kil# 

gases . . %• . 267 

The p^uctioS and transport of liquid qfirbon dioxide . . 268 

The production {uid transport of solid carboB dioxide . . • . 26# 

Applications of carbon dioxide bin the Solvay ammonia-8«da and the Claus- 
Chance suljBlMpIreoivery processes; in the manufacljire of artificial 
mineral waters ; in refrigeration plant ; other applications ^ . .269 

Estimation and testing of carbon dioxide . * •* >272 

IBI^nces . , . • . .'f 273 



XVI 


CONT^fJ^ 

Section x.-sqLPH,UR dioxide 

* rAQA 

Properties sulphur dioxide . , . 274 

Manufacture: ^ # ^ / 

General . . • ^*275 

Production of dilute sulphuj^ dioxide . ^ • . ••77 

Concentration of dilute sulphur dioxide : the Hanisch and Schroder process 278 

Transport of liquid sulphur dioxide . ^ • 

Applications of sulphur dioxide : maiAfacture of sulphuric acid, sulphuric 
anhydride and sodium sulphate; manufacture of wood pulp; in 
refrigeration plant; as a solvent; for bleaching purposes; as a 
disinfectant ; other applications 280 

The estimation and testing of sulphur dioxide 283 

References 284 


•79 


SECTION XI.-NITROUS OXIDE. 

Properties of nitrous oxide 

Manufacture. From ammonium nitrate ; by other methods 

Purification 

Applications of nitrous oxide 


. 285 
. 286 
. 288 
. 288 


SECTION Xir.-ASPHVXIATJNG GASES. 


Introduction . w . 

^The development of gas warfare 


.* 291 
. 291 


‘ PART III. 

GASEOUS FUELS.'^ 

f SECTION XI 1 1. 

Genertii considerations . . . . <•. , • « • 295 

f'undamcntal principles relating to the use of gaseous fuels : table of 
constants ; calorific value ; tie mechanism of flame ; cklorific vakie 
of technical air-gas mixtures ; ignition temperature ; explosive limits 

alld the velocity^^of propagatiim of explosion , 296 

FundamentaJ.^rinciples of the production of gaseous fuels of low calorific 
va 7 ae : action of air on carbon ; action of steam on carbon ; action 
of a mixture of air and steam on carbon ; action of carbon dioxide on 

carbon . ^ . . . < 301 

Technical Production of Gaseous I^uels of Low Calorific 
Value : ^ 

Air produceif gas . . . . ‘ . *313 

Gtdieral General principles of operation ; applications . * , . 313* 

< L 



toymrs 


Water gas • . «% . . .j . ^ 

General. General princinl^ of operation 

^liie wttter gas plants r the Lowe system of operation; Cfcllwik- 
\ Fleischer 4 ^tem ; Kramer an 4 Aarts process .... 
Ckrburetted water gas . . . • * 

• Applications olkblae water gas • . . • 

Semi-water gas 

• General. General principfts«of opyation. Choice of fuel : nitrogen 

content of coal ; sulphur content of coal ; other deleterious con- 
stituents of coal. The saturation temperature of the blast. The 

rate of gasification 

Semi-water gas plants : general ; pressure plants ; ammonia recovery 

and cleaftingsof semi-water gas 

Mond process 

Use of semi- water gas for furnace operations 

The production of power by the combustion of semi-water gas in gas 
engines ; general ; plants for power production ; suction plants ; 
use of suction gas in internal combustion engines 

Coal gas as a fuel 

General 

Applications of coal gas ; furnace operations ; power production ; other 

applications 

Coke-oven gas .... • 

Blast-liimace gas 

Natural gas * • 

S\^face ^mbhsticft * 

Gas calorimetry , ^ • . . . • . 

References 


INDEX OF SUBJECTS 


INDEX OF NAMES OF AUTHORS . 


ERRATA 

t 

Page 144, line 25, forlooo to 9000 vo|jp nod 4000 folts. 
Page 273, References, jor G(B>sman r/aaTGoosmann. 




INDUSTRIAL GASES 


INTRODUCTION 

The object of this introductory chapter is to outline and 
emphasize some of the more important fundamental physical 
and physico-chemical principles forming the basis of 
technical gas reactions. In no branch of modern chemistry 
is the importance of a knowledge of the development of 
physical chemistry more important than in the study of 
reactions and phenomena of the gaseous state of matter. 
Tl^s is largely to be attributdft to the greater ease of appli- 
cation of generalizations to the gaseous state, owing to its 
simple pbysfcal^condition as compared with the liquid and 
solid states. It is to be beared that many technical gas* 
processes have been worked without due appreciation of 
the thermodynamical principles determining^jipi^iisuccess 
or failtlire. A most vital factor contrij^uting to this state 
of affairs is thejfact that in many''(»ases, e.g, in the coal-gas 
industry, the responsibility and control are delegated to 
engineersikanc^ not tft chemists; at tlfe same time, the^ 
engineering tispects of the operations must receive careful 
consideration.. 

N(f attempt will be made in the present volume to give 
a detailed theoretical ^treatment pf the various physico- 
chemjfal generalizations and data to which r^rence 
made ; for such information,*w#rks on physical qjtenustry^ 
€tc„ must be consulted. The intention is rather to draw 
attention to iSo. SaHent points of importance in the investi- 
gatibu and .control of technical operations reiatine to the 
inahufacto or utilization of ^ases. 

?l»v Aw£adroV Hypothec generalization states 
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that equal vciiumes of differenf gases contay^equai numoers 
of molecules under similar conditions of temperature and 
pressure/ As a practical consequence of this law, it ma^be 
stated that, to a fairly c^ope approximation, the iholqcular 
weight in grams of any permanent gas, i-e. a substance 
above its critical temperature, at o° C. and 760 mm., occupies . 
22*38 litres. The volume at ^5° C. will consequently be — * 

— litres = 23*61 litres. 

273 

A useful figure is the corresponding volume of a pound 
molecule, which is equal to — 

358*5 ft .3 at 0° C. 
or 378*2 ft .3 at 15° C. 

With vapours, i.e. gases below their critical temperatures, 
the volume is usually slightly lower, e.g. 22*26 litres at 0° C. 
and 760 mm. in the case of carbon dioxide. 

Laws of Gay Lussac and Dalton.— According to these 
well-known generalizations, chemical combination between 
gases takes place in definite proportions and the voljime 
tOf the product or products' b-ars a simple relation to 
the volumes of the reactants, under like conditions of 
temper" 1me_^and presrure. This, of course, is intimately 
connected with Avogadro's Hypothesis. ^ 

Boyle’s Law. Law of Charles and Gay Lussac. — 
Boyle’s Law states that pv=a constant, where p and v’* 
^ represent the prestoe and volume/)! a given mass of gas, the 
temperature being maintained constant. , 
c The Law of Charles apd Gay Lussac enunciates t^at the 
efiect of variation of temperature under constant pressure 
is to vary the ^volume ip direct proportion to the (absolute) 
temperature variation, or, conversely, if the volijpie kept 
^constanl^ that the pressure varies as the absolute temperature. 
The combined result of these generalizations may be 
expressed thus^- * • 

^ = a constant (K) 

T c 

r pv = KT. , 
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'When r^ers to one gram molecule at: N.T.P., the 
equation is • usually wri|fen pv==RT, R Being termed the 
gstfi constant and having a numerical value of 1*96 calories. 
Sini? gAm molecules are idcoqv^nient units for industrial 
use, the more general form^will be adopted. 

This relation, however, is only approximately correct, 
p*articularly as regards the Constancy of the product pv, 
as even the permanent gases are not perfect ” ; vapours 
show very considerable divergencies. Due recognition of 
this fact is oi importance in dealing with compressed gases, 
and the extent of the deviation from perfection for different 
gases will be found in Table 12 (A), under the heading of ft . 3 
of free gas contained in a cylinder of i ft . 3 capacity at a 
pressure of 120 atmospheres, 121 atms. absolute. The 
values are obtained as follows in the case of hydrogen, 
the variation of the product pv with v at a temperature 
of 15*5° C. is— 

TABLE I. 


Amagat. Compressibility of Hydrogen. ^ 


1 

P (sftmos^eres absolute) 

I 

5 % 

100 

*50, 

200 

/>» 

1 

• 10340 

1*0689 

1*1011 

li 34 *» 

PIP* 

I 

4836 

9356 

• 

136*23 



176-34 


[cf. Amagat, Annales de Chim. et de Phys., [6],"^, (1883), 68). 
The ratio ~ represents the ratio of the mass of gas 


(or the volume of free g^as) contained ifi a given r^ervoii^ 
at the particular gibsolute pressure to that at one atmosphere 
absolute pressure, assuming no fJiange in the volume of 
the container* The curves in Fig. i give the variation of 
pv with p for a number of perma^^ent gases. Most o^ the 
values are^ taken from Amagat's investigations X^mndes de 
CM»r et de Phys., [5], 19 , (i88»), 345 ; [5], 22 , (i 88 i)? 353 ; 
[6], 29 , (1883), 68, 505^ and have been ayanged in all cases 
so that the pibduot pv equals unity at o° C! at atmospheric 
pressure ; £^t the particular temperature of the determination 
•the product. is greater in acQordance with the aJeffiqfent of 
ejqmnsion of the gas in, question. In the case of oxygen, 
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only three pointe are availablfi, namely, i, loo, Inckzoo atms., 
consequently ffie inter|fediate points of* the curve are a 
little* uncertain. * • 

^he •capacity of a giv%n ^cylinder at the (absolute) 



• • • # 

pressure (fan readily be determined from these curves by 

evaluating the expression— 



where (pv)i and ^z;),,represent the values at the pressures 
»f one an(f^/>/ ^mospnel^s respectively,* Curves Oh this 
►asis havq b^n plotted ih^Fig. 2 , the ordinates representing 
volunjes of free gas contained in a given cyfindjr^at the 
i!if^Ures dgnoiliedby tl^p abscissae. 
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This vViri^tion in the value of pv is djje to the joint 
action of two opposing factors : the attraction between 

the mole^:ules, acting in the direction of lowering tjae 
product pv, and (2) the ^gpafture from perfect compres- 
sibility owing to the a^^tual diipensions of the molecule^J, 
operative in the oppcftsite direction. Thus, nitrogen at first 
shows a decrease in the product* /v with rising pressurfe 
and subsequently an increase. In order to allow for the 
very considerable divergence from Boyle’s I^aw, even at 
moderate pressures, of gases such as carbon diqxide, various 
more complete equations have been proposed. The growing 
imperfection of air as the temperature is lowered is well 
shown by the measurements of Witkowski [PhiL Mag., [5], 
41 , (1896), 288), given in Table 2. The values are taken so , 
that pv = 1*000 at N.T.P., as in Fig. i. 


TABLE 2. 

Witkowski. Compressibility of Air. 


Pres- 

( 

« 



f 

Temperatures ®C. 




• 

atms. 

+ 100 

-f-16 

01 

-35 

“ 78*5 

( 

-103*5 

“I3O 

'*-133 

r* 4 o 

«“I 45 

A 

1 

i '367 

1-0587 

1*0000 

0 

00 

b 

0*7119 

0*6202 

0*5229 

0*5046 

0*4862 

0*4679 

10 

1-3678 

1*0550 

e* 995 i 

— 

— 

— 

— 

— 

— 


15 

i '3685 

i^ 5«9 

iQQ23 


— 

— 

— 

— 

*4095 

•3786 

«20 

1-3691 

1*0509 

”'9897 

— 

-6778 

•5697 

-4410 

— 

-3P08 

*3447 

25 

I’3698 

1*0488 

•9869 

D— 

•6689 

* 5 S 59 

■4183 

— 

■3476 

•3015 

30 

1*3704 

1*0468 

*9842 

— « 

■6599 

*5417 

■3938 

*3502 

•3083 

•2444* 

35 

1*3713 

1*0449 

*9816 

— 

•6510 

*5270 

*3650 

*3115 

•2419 


40 

1*3725 

1*0433 

* 9793 J 

— 

-6423 

*5125 

*3329 

-2598 

*1128 


45 ^ 

»‘ 3738 . 

,1*0419 

*9772 

— 

*6335 

*4^80 

* *296^ 

•1942 



50 

i' 375 ^ 

'1*0408 

•9754 

*8288 

•6252 

■4839 

•2544 

-f ^5 



55 

1*3770 

1*0399 

*9738 

•8253 

, *6170 

•4701 

*2171 

•1553 



60 , 

1*3784 

1*0390 

*9723 

*8219 

*6089 

•4567 

*2013 

•}556 



65 

1*3802 

1*0384 

•9710 

*8187 

*•6011 

*4439 

*1985 

•1578 



70 

1*3821 

1*0381 

•9701 

-8158 

•5937 

■4318 

*1989 

* 


75 

1*3^2 

10379 

*5694 

-8132 

■5863 

*4206 

*2013 




80 

1*3866 

1*0310 

*9688 

*810? 

-5796 

1*41031 

*2043 




85 

1*3887 

r«38o 

*9684 

*8081 

•5734 

*4014 




90 

1*3908 

1*^82 

*9681 

*8058 

*568® 

■3948 



• 


95’ 

1*3929 

1*^586 

*9680 

*8038 

•5634 

•3903 





100 

1*3951 

.1*0390 

*9681 

*8023 

•5600 

•3884 





105 

1*3977 

1*0397 

•9685 

*8013 

-5588 

• 3*74 





tio 

1*4004 

1*0406 

*9690 

*8006 

•5544 

■3877 





115 

1*4034 

1*0418 

1-9699 

*8004 

•5530 

-3892 





120 

1*406^ 

1*04^2 

*9710 

•8006 

•5520 

• 39»4 





125 

— 

ri‘ 044 S 

*9722 

*8oi2 

• 55 * 0 * 

•3944 





130 

c 

. 11 # 

1*0467 

■9738 


•5528 

’ 3 ? 8 i 

C 1 

• 




* Correspondfl to 29 aims. 
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In the morefomplete equ&tion of Van der Wagls — 




the quotient of the constant a •divided by representing 
the cohesion effect, and b, aiiother constant, representing the 
aptual dimensions of the molecules, tfie constants may be 
evaluated by the following expressions : — 

27K2T,2 . . 27/),2t;,2T,2 

= approximately V 

64pc 


where 


. , 1 MX 

6=.-^ = approximaleh 

^Pc 




Tc and pc are the critical temperature and pressure, 
pc and Vo represent the pressure and volume of the 
gas at the absolute temperature T^, 
and K is a constant. 


The value of this equation in correlating the very 
difeerent behaviour of various gases under varying conditions 
of temperatures and pressure is well seen if the equation is 
written in the following fcyili, substituting the«above values 
for a and b — 

where tt, (f) and 0 represent the mnlUples or submultiples 
of the critical values, pressure, volume* and temperature, 
respectively. If, nc»v, ^we plot 7r<^ curves instead of pv 
curves we rblain practically identical curves for alfgasesf 
for e^ual valpes of tt, p and 6 t)^o gases are ^aicj to be in 
corresponding states. 

This and other equations, e.g. that*of Dieterici, give (^oser 
but still mcomplete a^reemfent with experimentoljtesults. 

ABsofute Zero of Temnerature.—According 1:o the 
I^aw of Gay Lussac aii4 Dalton, which n^y be expressed— 

KT 

P 

The critical volume of the mass of gas under conaiderat^Sn is the 
^lume at the critjralatemperatnre and pressure. 
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the volmji6\)f a gas should •become equal to zero \Aen 
i:=o. 

The qbserved coefficient of expansion of gases, ^.^..abput 
^ of the volume at C. per ° C., indicates ithat the 
absolute zero of temp|rature, i.e. the tempejfiture at whjph 
the molecules havec. ceased to have relative motion, is 
approximately 273° C. below the freezing point of wattfr. 
More exact computations, e.g. from the Joule-Thomson 
effect (see below), indicate a probable value of —273*13° C. 

Solution: Henryks Law; Dalton I^aw.—It was 
shown by Henry that the solubility of a ga's is proportional 
to its pressure, and by Dalton, shortly afterwards, that with 
gaseous mixtures the solubility of each constituent in a 
liquid is proportional to the partial pressure of the con-^ 
stituent, the other gases behaving as a vacuum. Like 
many other *^laws,’' these generalizations are only approxi- 
mately correct, especially for a gas with a high degree of 
solubility. t 

•The principle of partial pressures applies to many 
processes besides that of solution, e.g. theHenjperature at 
which a paidcular constituent pf a gaseous mix?ure will 
tiquefy out as the temperature is progressively lowered is 
dependent oii its part^l pressure. Generally speaking, it 
may be stateT^at the solubility of gases in water falls off 
as the temperature iit raised ; witlf other solvents, however, 
this is not always the case. 

Soytion,— When gases are takqn up by solids, the 
phenqpiena are much less simple. It becoAes Necessary 
to differepti&te between absorption, i.e. so'lution or uffiform 
distribution throughout the structure of the solids and 
adsqfption, wl^ch is ‘essentially a surface condensation. 
The com|3|j«8d effect is sometinfes tdi-med sorption. Thus, 
when«hydrogen is brought^ into contact with cfiar( 30 kl at 
fiquid-air^ temperatures, there is a^rapid fall in pressure 
occupying only# a few minutes, attributed to adsorption* 
foHowed by % slow fall over several hours, considered by 
( 2 ^. J>hysik. CJiem., iS8^\igo()), 471) to be a slo^ ^ 
/p^etsration into the structure , of the •djfucoal. Siih%rl 
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effects were oD^rved by Ridiardson (/. AmF. X^bem. So(,, 
89 , (1917), J8^ in the® sorption of carbon dioxide and 
anjmqnia by charcoal.^ In some cases there is evidence of 
the formation of a chemical coinpound, e.g, with oxygen 
and charcoal^ (Rhead and Wfieelej, Chm. Soc. Trans., 
(1913), 641). In adsorption phencinena, the relation 
between pressure and thd extent to which the gas is taken 
up is much more complex than in ordinary solubility. 

Gases are taken up in appreciable quantities by many 
metals, in the solid and especially in the liquid state, the 
sorption usuall}^ increasing with the temperature ; at the 
fusion point there is a sudden increase in the sorption in 
the case of most metals. Thus, metallic iron takes up 
0*000035% by weight of hydrogen at 416° C. and o*oooio8% 
at 1450° C. (Jurisch, Stahl md Eisen, 84 , (1914), 252). 
Between 23 and 750 mm. the weight of hydrogen absorbed 
varies as the square root of the pressure for a given allotropic 
modification of the iron. Mth nitrogen, the sorption by 
weight is 0*00158% at 878° C., 0*02103% at 981° C., fallihg 
off^to 0j0i535% 1136° C., the amount^ varying as the 

square root of the pressure (J urisch, l.c .) . • 

Diffusion. — ^The diffusion of one gas into another takes 
dace with considerable rapidity uncj^r ordinary conditions. 
The rate is inversely proportional to the total pressure of 
the two gases, and ajf^roximatejy proportional to the 
square root of the absolute temperature. The effect of 
increased pressure ts#v^ noticeable if»a mixtme of two 
jases, ailJogen and hydrogen, be made by successive 
:ompAssion of the two gases intft a cylinder, 'particularly 
if the^ylindef be in a vertical position, and the lighter gas 
be introduced second. If, however^tlfe cylinder be dispp^ 
ih a horizontal position, diffusion is almost 
Btandfl!^ 12 to 24 hours. 

It is interesting to note that diffusion jp scarcely ^ecte^ 
by the prefect (jjl a perforated partitia*, although the 
aggregate area of cdmmufIScation may be greatly reduced. 

, Permeability of Materials.— A point of sopfb practical ' 
aaipbrtance, in dealing with gases, is the permeabSity of i 
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materialsii *^lius, hydrogen diffuses throt^ heated ^palla 
dium or platinum and to a lessd^ degree *thrpugh heatec 
iron. Quartz is appreciably permeable to hydrogen ,ab9V( 
1000° C., while indiarubber is fairly permeable^ito gases 
According to Dewar, (Proc. Roy. Institutio/i, 21 , (1918)^ 
813) the rate of diffusion of various gases at 15° C. and 
760 mm. pressure through a rubber Wmbrane of 0*01 mm. 
thickness is as follows : — 


TABLE 3. 

Rates of Diffusion through Rubber! 


Gas. 

Air 

Nitro- 

Carbon 

Helium 

Argon 

Oxy- 

Hydro- 

Cart 



gen 

monoxide 



gen 

gen 

diox 

ate of diffusion 






cin.*/cm.*/diem . 

2-0 

1-38 

r88 

3*5 

256 

4*0 

1I‘2 

28- 


The rate of diffusion increases rapidly with temperature 
but does not appear to be diifcctly related to any chemical 
oi' physicaj property of the different gases. When dealing 
with mixtures pf gases, it is obvious th^ Ijie effect of 
^such diffusion will be to produde^ change in composition. 

Critical Temperature and Pressure .— Gases 
and V apours\—li was /otmd by Andrews that for each gas 
there is a cer^in temperature above which it is in^ossible 
to effect liquefactioif by, simple cohipression, however great. 
This temperature is termed the critical temperature, and 
^the pressure of tile system at thi^ i¥>int, i.e. the pressure 
required to effect liquefaction at the critical telBperature, 
is termed £he critical pressure. The values^ of the Critical 
pressures are comparatively low and fall off as thesi value 
of the critical tempeVaJure decreases; thus, for hydrogen, 
the critigglFpressure is only aboAt ii Atmospheres. 

^ Jbul j-Thomson Effecj:.— If a compressed gas be^owed 
to expand to a Ipwer pressure thr9Ugh an orifice without 
the production* of external work, •there js, as was observed 
by Joule and Thomson, a certain slight cooling effect with 
most*|as&,. With a perfect ^as there should be no change 
in temperature ; the observed effects are^therefore due to 
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deviations fromiBoyle's and* Joule’s Laws. Toufe’s Law 
'^stating that-^ 

U =3 the internal energy of the gas^KT 

where K is a constant and T the absolute temperature. 

The cooling effect is due Ihainly to tl^ work of separation 
^ of 'the molecules and Vill, Aerefore, be greater as the 
temperature of the gas is lowered ; similarly the effect will 
be greater with gases which are not much above or are 
below their critical temperatures. Thus, the effect is much 
greater for carlboh dioxide than for air, while with hydrogen 
a heating effect is actually observed {cf, p. 67). On 
lowering the temperature of the hydrogen, however, an 
ijiversion point is reached at ■”80*5° C. It was found by 
Joule and Thomson that the fall in temperature could be 
represented by the expression — 

where AT=the^fall in temperature in degrees Centigrade 
and* ^IV=?a constant, 

while according to the mofe exact formula ot Rose-lnnes • 
{Phil. Mag., 45 , (1898), 227) — 

where A and B are constants. The lutter formula indicates 
the existejjfe 0^ an in^^rsion point. 

Th^ JoulS-Thoijison effect forms the basis of^the Wnde 
process for tha liquefaction of air, and is dealt wkh more 
fully oft p. 61. * 

Specific Heats of Gases.— Th%specific heats of gases 
will bejottnd to be 01 fundamental importanc? « many 
questions of plant design as w»ll as in thermod]jnaniical 
calculations. The specific heat of a gas«varies according 
as to whether the rise or fall in temperature* takes place at 
constant pressm'e or at constant volume, i.e. with or without 
the performance of external work, against the atmosjfliere. 
The former, C^, is, df couise, greater than the latter, C„ the 
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^ • 

differencie being constant ana ecj^ual per jjtam molecule of 
gas to R, the gaS constant, R, hein^ also expressed in calories » 
per graft! molecule of gas. 

Thus- , , ' 

Cp—(Ct,= R= 1*98 calories , 

where and Ct, are'^the molecular Ijieats. 

It is often convenient in ^lan! design to express thermal c 
quantities in terms of pounds and degrees Centigrade and 
to denote the resulting units as C.H.U. (Centigrade heat 
units), this procedure having many advantages over the 
B .T.U. system using lbs. and degrees Fahrenheit. It should be 
noted that i C.H.U./lb.=i calorie/gram =i kilocalorie/kilo. 
Further, as the heat capacities of most diatomic gases for 
equal volumes are equal to within, say, 15 %, it is often coi> 
venient to express the same in terms of C.H.U./iooo it^j^ C. 
Thus- 

The specific heat at constant pressure of air at 20° C. 

• = 0*2417 cals./gram. = 0*2417 C.H.U./lb. 

= 0-2^17 X 76*49 C.H.U./iooo ft. 3 /r?C. at 15° C. 
=^i 8 * 49 C.H.U./ioooa 3 /°C. ^ 

It is important to note that in many cases the specific 
heats of g^ases vary vary considerably with temperature and 
pressure. The effect of increased temperature in» general 
is to produce a slow increase in the specific heat ; at very 
low temperatures, however, approximating to the point of* 
liquefaction of the particular ga^s, thhre is a sudden and 
veryc marked increase in the specific heat. ' ^ ^ 

The^^fifect of increased pressure is also ^ to pfo(fuce an 
increase in the specific heat, thus, the specific heat at constant 
pressure of afr increa^s from 0*2415 at i atmosphere to 
0*2925 eA^oo atmospheres (HilborR and Jakob^ Z. Verein. 
deuf. /gg., 58 , (1914), 1429), an increase of 21^. The 
very Jiigh pressure coeflJcients fouui by hussana (Cim., [3], 
86 , (1894), 5,^0, 130) are undoubtedly incorrect. It has 
been founds that the ratio C^/C„ is a constant for gases - 
contJuning* the' same numbe/ of atoms in the molecule. 
Tie approximate value for monatomic gases, e,g. argon, 
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mercury vagou^ etc., is i*^66, for diatomic glises, e,g. 
•nitrogen, 1*41, and for triatomic gases, carbon dioxide, 
1*30. -This ratio, usu^y denoted by y, is of importance in 
connectioflV^th adiabatic •cogipression, and with the 
. prQpagation o^ound in gas|s, etc. • 

. Latent Heats of Y^porization and Fusion.—When 
de^ng with the liquefaction^ or solidification of gases, a 
knowledge of the quantities of heat required to effect the 
change in question is necessary. Particularly is the thermal 
change demanded by the condensation and vaporization 
of gases important in connection with the production of 
cold by mechanical means, e.g. through the intermediary 
of ammonia or carbon dioxide. The values of the latent 
heats of vaporization of substances decrease with rise in 
temperature. 

Thermochemistry. — In connection with plant design, an 
important question is that of the thermochemical quantities 
concerned in the different reaftions, and, in the case of new 
processes, it ma^ be necessary to make special determina- 
tion^ of tfie same. When dealing with simple combustion, 
this can be easily effected by means of the J unkef calorimeter, 
[cf. p. 357) or other like instrument ; if the gas undergoing 
combustion contains hydrogen, the h«at of combijstion may 
be expressed in two ways : (i) gross, i.e. including the latent 
heat of vaporization of the water formed* or (2) nett, in which 
base this quantity is deducted. The latent heat of vaporiza- 
tion of w^er at 1^ €. about 590 C.H.U./lb., or jo,6oo 
C.H.iyib. dlolecule. 

It IS sometimes the custom in English technical practice; 
to consider the water as separated at 100° C. with the heat 
evolution of 538 C.H.U./lb. water an^ to deduct this quantity 
plus thehgat capacity of the water down to ordffliary atmo- 
spheric traperatuie (6 o°F.=i 5’5° C.), equivalent irjiilcase 
to 84*5 C.H.U./lb. water, making a total ctf 622 ‘5 C.HU./lb. 
water (1120 ^.T.U,^. * • 

In French pii^ctice, the latent heat alone, i.e^ 5^8 C.H.U., 
is deducted. , * - 

Of course, neither of tjiese procedures has a very precise 
rignificance./ 
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An aecuraie icnowledge oi the beats o/^ reaction is'also 
of fundamentanmportauce in co^nfction witH calculations^ 
of gas equilibria. 

Thermodynamical rPrinciples Governin;;^hemical 
Equilibria in the Gaseous St^te. — It is of^en of consider- 
able importance to be able to inake^an approximate forecast* 
of the course which will b^ followed by a reversible gas 
reaction of which the equilibrium data have not been 
determined. To take an example, consider the reaction 
represented by the following equation — ^ * 

2CO ^ CO2 + C + 39,300 calories 

and suppose it is required to know without further data, 
what equilibrium would be set up at a temperature of 800° C. 
under atmospheric pressure, assuming the presence of an 
adequate catalyst and sufficient time for the attainment of 
equilibrium. 

The theoretical solution, kirgely due to Nernst, requires 
more space than can be allotted in the present volume. * It 
may be stated, however, that Nernst deduted ^the following 
formula — v 

logK= -^%; + 2;«75logT + -~ + i;vC . (I) 

^ 4-5711' /J b T V / 

applying to an equation such as— 

mA + «C + n'D + H calories. 

If, for the sake of simplification, we jidopt the convention 
# that ihe beat of reaction, Q, is taken* as that written on the 
samS side, of the equation as the substances occusring in 
*the nunierator of the fraction representing; K, c.g.^in the 
above instance, Qi == H when — 

K ' 

P” X pa”' 

representing ^}ie partial pressure in atmospheres of the 
constituent A ‘in the final equilibrium, and similarly for 
B, C, and D# , 

'Mien* , Qo = of reaction at absolute zero 

' • (2) 
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the algejj^aic sum jf the volumes, those on the right 
being ‘taken as^pl)sitive and those* on the left as 
negative, ^ 

T =3 th^ijjj^lute temperature^i • 




EvKp — Evy$ 
2T 


{Rp being the molecular heat of each constituent at tempera- 
ture T), and 

EvC = the algebraic sum of the chemical constants corre- 
sponding to each volume of gas participating in the 
reaction, those on the right being taken as positive, 
those on the left as negative. 

• For most purposes, however, it is permissible to neglect 
the terms correcting for the effect of temperature on Q 
(equation (2)), and to omit the third term in (i), especially 
as the data for such refinements are, in many cases, lacking. 
,We then have — 

lagI? = ^-^ + 2?.i75logT+,i7vC . (3) 

4571^ • # 

where Q = heat of reaction at the ordinary temperature. 

If one or more constituents be ^lid or liqu^ with no 
appreciable vapour pressure, c.g. carbon in the above example, 
the pressures of these cSnstituentj dd not appear in the 
fraction representing K, and the chemical constants are not 
included in the term^ii^C^ 

When ^ clian^e in volume occurs during the reaction, 
the tQfm:Evry^ log T disappears. ^ 

The Chemiltal Constant. — The undetermined integration 
constant, known as the chemical cogs^nt, can be evaluated 
by considerations into tvhiclf it is unnecessary tc^eater here, 
and v^fSes as follows are obta^^ed for the different ^ases 
[cf. also Tangen, Z. Ele^trochem.,^ 2 &, (1919J, 25) : 
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r TABLE 

Chemical Constants. 

Gas. 

Hydrogen . . . . ^ ^ . 

Methane 

Nitrogen . . . . . 

Oxygen ... ft 

Carbon monoxide . . . . ^ . ^ ^ . 

Chlorine 

Iodine 

Hydrochloric acid 

Hydriodic acid 

Nitric oxide 

Nitrous oxide 

Sulphuretted hydrogen 

Sulphur dioxide 

Carbon dioxide 

Carbon disulphide 

Ammonia 

Water 

Carbon tetrachloride 

Chloroform 

Benzene 

Ethyl alcohol 

Ether . 

Acetone 

Propyl ^Icohol 


Chemical Constants. 

.J/r 1*6 


Returning to the equations’ll question, an J substitifiting 
the appropriate values in the exf)ression — 

1 _ Q I ^ I 


+ Dvrys logT + SvC 


175 log 1,073 + (3*2-2 X3'5) 


^ log K + 27 . 1*75 log T + SvC 

we have — , 

loor^^ = — 175 log 1,073 + (3*2— 2 X 3 ' 5 ) 

^ P^co 4*571 X 1,073 /o & ; -r VO 00/ 

^ =8*013-5*304-3*8 “ " 

=<:— 1*091 

therefore K = 0*0811 

Boadouard's cxperide^tal value for this temperature was 

7% carhoif dioxide, i.e— ‘ ^ 

^ K=^= -^-^2 = 0*0809 

‘ ^ ^ Pho o*93\ c 

representing a satisfactory agreement, tHe closeness of which 

is accidental.® In most cases, the agreement is considerably 

less good bht a valuable, if approximate, idea of the eauili- 

brittm may be obtained in this way*. 


3 0*0809 
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Velocity of Reaction.— ^he velocity of cheAical re- 
action is verj»sensitive tolsnanges in temperature, and, as a 
rough average rule, it may be taken that the velocity doubles 
itself with io° C. rise in tlmperAture. 

Further, ti^oncentrations of the aeactants are operative 
js /ollows, e.g. in the homogeneous bimdtecular reaction — 

* A-|-b’=’C ' br D + E 

if a and h are the initial molar concentrations of A and B, 
and X the amount of either which has undergone combination 
at time t, then— • 

j^=>k^{a-x){h-x) 

\^ere is a constant for temperature T. 

Heterogeneous Catalytic Gas Reactions , — Reaction 
Velocity — Output and Completeness ,— heterogeneous cata- 
lysis it is implied that there is a discontinuity between the 
reactants and the catalyst. Nearly all the important caseg 
of tSchnical gas catalysis belong to this category. • 

In most JietA:ogeneous catalytic gas reiKitiotis, e.g. in 
the direct* synthesis of ammonia, we are dealing with the 
dual effects of equilibrium and reaction velocity. Thus, 
on working with a fixed pressure andm moderate ^as flow, 
and grad^ially raising the temperature from, say, 300® C. 
:o ’900° C., we find the percentage of ammonia in the effluent 
jases increases from practically zero to a maximum value 
in the region of 500-6dbi C.,(the exact temperature depending 
on the catal^ and^the rate of flow), and then falls off a^iain. 
At goo^C.; eve^ with an indifferent’ catalyst, equilibrium— 
about 0^7% NH3 at 100 atmospheres— is almost completely 
established, whereas at a low tempei^ture, such as 300° C., 
although the equilibrium value is some 52 % at ^05 atmo- 
spheres, the reaction velocity is ao low that practi^y nc 
ammonia formation takas place. This ex^n^le is typica 
of the phencpena •occurnng in heterogeneous catalytif 
rations. • , ♦ 

, Another important point ir^the control of hettrogeneom 
caWytic gas reac^oms is ^e relation between the velocity 
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'of pass^e of the reacting gases^over the^atalyst, the rate 
of formation oi the product, anfi the volume occupied hy 
the catalyst It will be fomd convenient to denote the 
ratio of gas velocity hoar to the gross catrlyst volume 
by “ space- velocity, ’Valid the^ratio of the/ production^ per 
hour to the gross ^catalyst volume by “space-time-yield.'/ 
Using these terms we find thdt as the space- velocity is^ 
increased there is often a steady increase in the space-time- 
yield, although the approach to equilibrium in the reaction 
products falls ofi. Thus, taking again the case of ammonia, 
as the space- velocity is increased the percentage of ammonia 
falls off but the production per unit time increases (cf. p. 215). 
This is important as the output of a plant is thereby 
raised, although this, of course, is not the only practical 
consideration. 

For a proper understanding of these phenomena it will 
be necessary to examine the facts a little more closely, and 
to study the progress of such reactions with time. In an 
investigation of the catalytic reaction — 

' 2vS02 + 0*2 = 2SO3 “ < 

Bodenstein and Fink (Z. physik. Chem,, 60 , (1907), i, 45) 
found that the rate of reaction was practically independent 
of the concentration of oxygen, was proportional to the 
concentration of the sulphur dioxide and inversely propor- 
tional to the square root of the concentration of the sulphur 
trioxide — * 

/ dx _ j^(a -- x) ^ “ 

^ ‘ ^ 

c . j ' 

where a is the initial concentration of the sulphur* dioxide 
afid X is the*' concentration of the sulphur trioxide, i,e. we 
have a rnoiified monomolecular reaction, where^g^according 
to ihe iaws governing homogeneous reactions, it should be 
termolecular. « < 

This behaviour was explained by Bodenstein on the so- 
called “diffusion theory,” which supposes reaction on the ’ 
surfi^ce of the catalyst to be qxtremely rapid but that access 
of the reactants thereto can only^ occurs by diffusion through 
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an adsorbed the reac^on product — in this case^ sulphur 

•trioxide. Thft rate of [eattion, therefore, iS dependent on 
the rate of diffusion of the component with the lower coefficient 
of diffusio’ti^^namely, sulphur dio^^ide, unless a sufficient 
.exQ^ss of this gas be present when the rate of diffusion of 
the oxygen begins to pl^y an appreciable part. In dealing 
witli such reactions it is difficult to formulate any general 
rules as to the reaction kinetics ; thus, in the reaction — 


2CO + 02 = 2CO2 

Bodenstein and Ohlmer (Z. physik. Chem., 53 , (1905), 166) 
found that the rate of reaction was, roughly, inversely pro- 
portional to the concentration of the carbon monoxide, a 
q^se of negative catalysis. 

In the case of the catalytic combination of the con- 
stituents of electrolytic gas. Bone and Wheeler {Phil. Trans., 
A, 206 , (1906), i) found — 


9 

wheiie add Qh, are the <^ncentrations cff hjjdrogen at 
the beginning and at time 1 1-espectively ; this observation is 


not in accordance with the requirements of the diffusion 
theory, which demands that the rate should be prr^portional 
to some ‘function of the oxygen concentration, this being 
the gas of slower rate of diffusion. ♦ 

Taking again the example of ammonia sj^’nthesis, a mental 
picture of t]je ^ect ofvelocity of passage of the gases.over 
the cal^yst may be formed as follows : imagine the s|)eed 
of passage to suddenly increased ; if we assume the 
rate of diffusion of the reactants through the ammonia 
film to remain constant^, momentarily^ the rate *of production 
will be altered and the percentage of ammSiia in the 
gases will fall off. The thickness of the film, being a femction 
of the concentration of the ammonia, willtnqw diminish as 
a result and thus ‘permit the production to rise. The 
degree of turbulence ot the gas current will exert a certain 
influence by its effect in reducing pocketing ” <ind cphse- 
quent local formaliofl of tl^ck ammonia films. 
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Simi^r considerd.tions ftpply^ to any il^c^ion m wmco. 
a solid catalyst is used to proQnqjte the ccftnbination of® 
gaseous®substances ; in some cases the point of importance 
is not the hourly quantity of the resulting ^rodnd^^ products, 
but the closeness withf which e(]j^uilibrium is aipproached, e.g . . 
in the B.A.M.A.G.*' continuous catalytic hydrogen process 
(cf. p. 159) the elimination oi cafbon monoxide is the most 
important consideration, being balanced by the desirability 
of treating a given volume of gas in the least possible 
catalyst space. ^ • 

In catalytic operations the question of catalyst surface 
is of great importance, the output of a given gross volume 
being enhanced by the increase of the surface of the catalyst, 
e.g. by subdivision of the catalyst mass, although the 
increased resistance set up thereby makes a compromise 
necessary. Calvert, in B.P. 10612/12, suggests increasing 
the rate of catalysis by whirling the catalyst inside a closed 
vessel traversed by the gas current, also Walter, in 
295507/171 proposes to agitate the catalyst grains by 
magnetic means. In each casf the gain in output fs segired 
without the usual disadvant^e of increased dilution, or, 
conversely, a close approximation to equilibrium is facilitated 
without the necessity for such slow passage of the gases. 
The application of such ideas, hpwever, is not very easy in 
practice, and in the caseof the magnetic agitation, the mutual 
attrition of the catalyst grains would be prejudicial. 

5 Ip the patent ^terature relating to cataly^ig considerable 
attention has been paid to the question of*^ec1j:ostatic 
^ activation of catalysts, tut nothing of practical importance 
would appear to have been evolved in this direction.* 

• Viscosit]^ of Ge^es— Stream-Line and Turbulent 
Motionp.--^When a gas (or other fluid) flows ijurough a 
. conduil^under certain conditions~see below— the gas moves 
at a higher vehxxty in the centre than in the layers nearer 
the walls, while the layer contiguotfis to the walls ijS 
stationary. « , ’ 

TJscosity is defined as the tangential force exerted per 
unit area between two layers iu th# fl«dd^ i cm. apart, 
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^when the diffetence in j^elocity is i cm.^ec. For flow 
through a tube, the ^^scosity (ji) is given approximately 
by the ex^ession — « * 

X 

^d8£V 


where p — the pressure drop ii^dynes/cm.2, 
r = radius of tube in cms., 

t — time in seconds required for the passage of V c.c. 

0^ fluid (measured at the mean pressure), 

I = length* of the tube in cms. 

The viscosity of gases increases considerably with rise 
in temperature, cf. Table 12 (c). 

, An interesting fact is that the viscosity of gases is approxi- 
mately independent of the pressure, ix. the volume of gas 
at, say, 200 atmospheres pressure, flowing through a given 
tube with a certain pressure drop will be approximately the 
same per unit of time as that observed for an equal pressure 
drcfp with gas at atmospheric pressure ; the wei^t of ga&, 
however, wilj become 200 times as great. • 

f he atove observations hold only for stream-fine motion 
through conduits, ix, in the complete absence of turbulence. 
When a fluid passes through a straight smootji circular 
tube, the motion remains of the stream-line type until a 
certain definite velocity—icnown as^the*critical velocity — is 
peached, when turbulence sets in abruptly and increases 
steadily in degree as*the velocity is further increased. The 
pressure Ax 9 p increases sharply with the inception of turbu- 
lence alid is nq longer defined by the expression ^t^^t given, 
being now determined by the surface friction. 

* The critical velocity is given by the fbllowing expression — 

2‘^OOtl 

Vf. =3 cm. /sec. 

dp * ' 

where p = the viscosity bf*the fluid in C.G.S. amits, 
d = diameter of the tube in cms., 
p = the density of the fluid in grams/cm.^, » 
v« = the critical uejocity (mean linear Velocity) in 
cui./lec., 
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i,e. Vc is directly proportional U^the viscocitj of the 
and inversely proportional to the diameter of the tube and 
to the density of the fluid. (This applies generally to all 
fluids (cf. Stanton and lafinell, PUL Trans,, (1914), 

199) • „ ' 

In some cases it may bf more convenient to exp^es^ 
partly in terms of British units, thus — 


or 


2000/x . 

= ft./sec. 
pa 

= 40,000 ft.^/hr. 


where = critical velocity (mean linear velocity) in ft./sec. ^ 
p = viscosity in C.G.S. units, 
p = density of the fluid in lbs. /ft. 
d = diameter of the tube in inches, 

Qc = the minimum gas flow, measured at the tem- 
* ^ perature and pressure used, at which turbulent 

, m^ption obtains, in ft.^/hr. • 

It must not be imagined that the flow in a giv^ coiSduit 
is necessarily stream-line motion because the velocity is 
below that given in tl;ie above formula ; unstable turbulence 
may be set up by local irregularities, bends, etc. The 
turbulence will die away, howeVer, if sufficient time be 
allowed and the re-estatlishment of stream-line motion may 
be accelerated by: the insertion in the (Stream of a series of 
perflated grids. ‘ < 

Resistance to Flow of Gases.~In technical gas 
manufacture and usage, the calculation di the pressure 
drop in a giv^n pipe-line is an important point, the resistance 
to flow oft^ constitutfiig the source- of a considerable power 
expenditure. The following formula gives fairly good 
results ^or turbulent motion in smooth, straight, circular 
pipes (cf. Newbiggin’s Handbook* for^Gas Engineers and 
Manufacturers ” : London, 1913, p. 276) 


dp = 


lbs./in.2 

II X 10® X d^ 0 
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where Q = ftf^/kr. of gas, neasured at the temperature and 
pressure i» question, passing tlirough the tube, 
p == density of the gas in Ibs./ft.® 

L => tfcqgth of the tube in feet, 
d = diameter in inch^is. 

•The formula assumes ^hat^the pressure drop is propor- 
tional to the square of the linear velocity, which assumption 
is not strictly correct especially as no account is taken of the 
state of turbulence or otherwise of the fluid. Thus, with 
stream-line mdtion the pressure drop is proportional to the 
first power of the linear velocity. A more exact treatment 
is furnished by an experimental investigation by Stanton 
and Pannell (loc. cit) giving rise to a general curve which 
connects — 

A andlog?^=log^ (Fig. 3) 



and covers the whole range, including the transition ^rom 
stream-line to turbulent^otion, and, moreover, is applicable 
to all fluids, whether liquid or gaseous. 

R =» resistance per unit area of the internal surface of 
the circular tube, 
p = density o{ tlfe fluid, 
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V = mean linear velocity, 

r =3 radius of tube, 
z=a tiscosity of the fluid, , 
all in absolute units. ' "• 

The pressure drop'in a givfn circular tube is given by 
the expression— * 

dynes/cm.2 = approximately atms. 

t ' 

where p = density of the fluid in grams/cm.^ 

Q = flow through the tube in cm. 3/sec. 

V = mean linear velocity of the fluid in cm./sec. 

I =3 length of tube in cms. 

r = radius of tube in cms. 

C = R/pV2 as read off from the curve (Fig. 3). 

II = viscosity of the fluid in C.G.S. units. 

The above observations apply only to smooth and straight 
circular c6nduits. The effect of abrupt bepds, valves, local 
constrictions, ^nd also of enlar^gements in the Action oi the 
pipe is to introduce large effects which may be equivalent to 
many feet of the plain conduit, and often constitute the 
most important caus^ of pressure drop in technical opera- 
tions. The theoretical treatment pi such effects is a* difficult 
matter, although certain rough empirical generations can 
be deduced from experience. 

j A^good opporfunity of testing th^ validity ^f a general 
formola, such as that of Stanton and Pannell, is afforded by 
application to the little investigated question of the loss of 
head in the flow of high-pressure gases through tubes ; in 
the experience of the ^.uthor, ^this formula gives valuable 
indications 8r the resistance under these conditions. 

, I&flt)ence of Difference in Level.— When making 
allowances for the drop in pressure Kiue to dynamic effects, 
due consideration should be given to the static head if any 
considerable difference in level occurs, especially with very 
Kghtw heavy gases. 

, Consider a pipe, open at one eqd antf flljed^with a gas of 
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^density pi, vjhile that of^lhe surrounding ipedium, e.g. air, 
is p2- * • 

Then,^in absolute units, ihe pressure difference due to 
the differenc^in weight of the galSesf— 

. = ± hg {pt - P2) dynes, 

wBere h = the vertical diflereSce in height in cms., 

and g =» the gravitational constant in C.G.S. units, 

= ±h(pi -P2) grams. 

Expressing k in ft., and pi, p^ in lbs./ft. 3 , and taking 
the case of a difference in level equal to 100 ft., with hydrogen 
in the pipe, at 15° C., we have — 

pressure difference = — — lbs. /ft. 2 

1000 

= 7*117 lbs./ft.2 
= 0*494 lbs./in.2 
= 15*7 inches of water. 

• • 

Physical Methods of Testing the Purity of Gases. — 

In ^peci^ cfises it is advisaj)le to be able t8 dejermine tlie 
quantity of some specific impurity present in a particular 
gas, by physical means, either from reasons of speed or for 
purposes of automatic recording. ?Vmong suck methods 
may be mentioned the following : — ^ 

Gas Interferometer. — This instrument was worked out by 
’Haber and Lowe (Z. angew. Chem., (1910)^, 1393). Its action 
depends on t^e foriftation of interference fringes by two# 
coluqjis 0^ gases^one containing the impurity to be fleter- 
mined, e'.g. capbon dioxide in air, and the other freefrom thi^ 
impurity. The apparatus can be majle extremely sensitive 
but is somewhat cumbersome and dgies not lend itself readily 
to the production of mechanical records, for technical 
adaptations, cf. “U.S. Bureavf of Mines, Teclk Paper, 
No. 185 (1918), by Siebcrt and Harpster. 

Density . — The density of a gas is often a good guide to 
its purity, .particularly in the case of hydrogen, and a 
convenient apparatus fqj^ indicating the same ns th§*“gas 
balance/' whichtcofiisists pf a balance beam, one arm of which 
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carries a ball sjipplied with a i^ontinuousrciErrent of gas 
by means of mercury cups near iher fulcrum of the beam, 
while the other carries a poin/ter. The balance i§ brought 
into equilibrium by means 6f riders. ^ 

Effusion . — The purity of a g^s, e.g. the percentage purity 
of hydrogen contaimng small ouantities of nitrogen, oxygen, " 
carbon monoxide, etc., may also be ascertained by the rate 
of effusion through a fixed small aperture. For this purpose 
an inverted glass cylinder, immersed in a cylinder containing 
water, or a small water-sealed metal gasholder provided with 
a balance weight (this form being made by Messrs. Wright 
& Co.), is filled to a fixed mark with the gas in question, 
and the time required for the gas to flow out through a fine 
orifice in a piece of platinum foil, i.e. the time for the cylinder 
or bell to fall to another fixed mark, is noted. A comparison 
with a standard gas, c.g. air, or preferably a sample of the 
pure gas, say hydrogen, if this the gas under examination, 
gives the density on the basis— 

where p = the density of the gas, 
t = the time of outflow. 

Deternfinations with this apparatus occupy only a few 
minutes ; the result^, of course, aie not of a high degree of 
accuracy. '' 

Acoustical Methods . — A method was ^yorked out by Haber 
and I^eiser (J. Soc. Chem. Ind., (19^4) ,'54) fon tl^ detection 
3f methane, in mine gases, depending on “the differeace in 
sound produced by two whistie tubes filled Jvith pure air 
md mine air respectively, but separated by means of thin 
nica plates ^rom the actual whistles, both of which are 
operated by the mine air. 

Sepahition of Gaseoiih Mixtures. — Special cases of 
separation will be* dealt with in 4)drticular instances, e.g. 
die separation of air into its various constituents, but a 
ihort^forer^as^here of the possible methods will be useful. 

[t is ixteresfing to note that a certain irreducible amount 
)f work must be expended on a gaseous misituif to separate 

I 
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into its cbmponents, ^ual to the worjs of isothermal 
compression of each constituent from its original partial 
pressure J:o atmospheric prassure or whatever tie final 
pressure may be; cf. p. 80. 

Among the various metjjods of separation, the following 
*are the most important*:— * 

(1) Chemical methods. 

(2) By liquefaction of one of the constituents. 

(3) By fractional solution in water or other medium. 

(4) By fractional diffusion through platinum or porous 

earthenware, etc. 

(5) By centrifugal action. 

It may be noted that (i) and (2), and in some cases (3), 
are the only methods wliich have any technical importance. 

Separation of Liquid or Solid Particles from Gases. 
— In the technical manipulation of gases it is frequently 
necessary to free a gas from nome suspended liquid or solid 
impurity, e.g. in the manufacture of coal gas, the separation 
of the “tar fog"' is a matter of considerable* difficulty,. 
whSe in* the concentration^' of sulphuric acid ifi Gaillard 
towers, the exit gases are liable to contain sulphuric acid in 
suspension. Without entering into details it will be useful 
to indicate the methods used in practice for the ^imination 
of liquid or solid particles from gases. • 

, This object may be achieved by* direct filtration through 
sawdust, or by wetted gauze. A method frequently adopted 
for the separation of suspended matter present in considerable* 
quantity; e.g, in tlfe manufacture of .white arsenic, is to subject 
the gases to centrifugal force by causing them toltraverse a 
circular path or by means of a special fan ; ^lis throws out 
the bulk of the dust, the cen<:rifugal^eparatioiiJ;)eing usually 
followed by bag filtration. The centrifugal sepaiatipn in 
the fan is sometimes assisted by*the injection of wJter. 

Other methods depead on the use of gas velocities 
sufficiently low to allow precipitation of heavy dusts to 
occur, whilfe considerable success has attended the use of 
abrupt changes in direction by means of baffie%, the.action 
being paralltl %o that •occurring with centrifugalization. 
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In the case of “ tar fog ” and tl^ like, paisage through i 
number of small orifices or slits, followed by scrubbing wit] 3 
liquids, is often adopted. t 

Another mode of attack is to precipitate the dust b) 
the formation of a misi: on producing a condition of super- 
saturation in the gas, c.g. in ^he^reaioval of dust from the’ 
gases leaving mechanical pyrites burners by addition of 
steam and sulphur trioxide, the resulting mist being subse- 
quently removed by electrostatic precipitation or by other 
means (Moller, D.R.P. 270757/12).* • * 

The most searching method, however, is that depending 
on electrostatic action, rendered practical by Cottrell, and 
at the present time attracting considerable attention. On 
passing a dust-laden gas in proximity to two highly charged 
electrodes, the gas is ionized and the particles becoming 
charged move in the direction of the electrode of opposite 
charge. If one electrode is pointed the particles tend to 
become charged with the polarity of this electrode and, 
consequently, to move to the other electrode. 

‘ The ua^'^al method of operating is to pass the gases with 
linear velocity not exceeding about 12 ft./sec. through metal 
tubes of, say, about i ft. in diameter, enclosing axially 
disposed wires, a unidirectional potential difference of from 
25,000 to 250,000 vplts being applied. The dust is deposited 
on the tubes and periodically dislodged by interrupting the 
gas current and thg electrical supply and^by jarring the tubes, 
c Tfee process is largely used in the ‘removal of dust from 
the ^ases leaving pyrites^ burners ; for tlie precipitation of 
jcement dlist, which contains valuable quantities of potash ; 
for the precipitation Qf white arsenic, avoiding the handling 
necessary in^^‘ bag-hoK3es " ; in treating the effluents of 
Gaillard •towers, etc. Some trouble is experienced in the 
presences, of solids and licfuids in conjunction. The uni- 
directional current is best obtained "by means of a rotating 

commutator, operated in synchronism with a high tension 
< • 

• ihgenious proposal is made by Mond in B.P. 112153/16, to effect 
the rcifoval di constituents from gaseous mixtures by first injecting a 
suspension of some solid which combines with or ^Eibsorbs the constituent 
in question and subsequently separating tUh dust by Aitable means. 
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transformer ; # t^e power consumption is of the •order of 
•from i“8 K.W.H. per milfton ft.® of gas treated (cf. Bush, 
/. Soc. Chem. Ind., (1918), 385R). The process is aj^licable 
to gases at fairly high temperaJtu^jes ; it is important to 
avoid conditions leading to the condensation of moisture. 

• Methods of Measugng^Volumes smd Rates of Flow 
* of fcases.— One of the most convenient methods of measuring 
the volumes or rates of flow of gases through a given conduit, 
when the quantities are not too large, is that depending on 
the use of therfapiiliar rotary (wet) meter or the reciprocat- 
ing (dry) meter. The former consists of a series of inverted 
buckets, mounted on a wheel with a horizontal spindle, and 
immersed in a tank of water, the wheel revolving at a rate 
proportional to the volume of gas entering the buckets. 
Such meters are constructed in sizes up to about 150,000 
ft.®/hr. They are very sensitive to the level of the water 
and calibration at frequent intervals is important when 
usipg for accurate laboratoiy^ work. If accuracy be required, 
it is necessary to allow for the volume of wat^^r vapour 
pre^nt, {he effect of saturating the gas witlf 
at 15° C. being to increase the volume by 17 Rotary 
meters of the anemometer type are convenient when dealing 
with large gas flows, especially as veiy little pressure drop is 
introduced. Meters capable of measuring the volume of 
the gas at pressures greater than a:mospheric, e.g. “ high- 
pressure " coal gas, natural gas, etc., are also constructed. 

In many te^chnic operations, however, one has to deal ^ 
with vgry large currents of gases, e.g. in chimneys, or i^may 
be desiratle to measure or to record continuous^, the rate 
of flow in a given conduit of large diameter ; in such cases* 
it is necessary to make use of so^e kind bf flow-meter. 
The measurement for relatively small cond!ftts «nay be 
effected by the use of an '^orifice meter/' which cqjisilts of 
a perforated diaphragna introduced into the conduit and 
depends on observation, "usually by means of a U-tube 
containing a. suitable liquid, of the pressure drop caused by 
the constriction. The pxesstyre drop varies roughly aS the 
siquare of thejga| flew and is rather sensitive to temperature. 
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variatioAs. The Ventuii met^ employ % jinstead of a 
simple orifice, d stream-line coii/crijtion. Tlfc increase in * 
velocity* gives rise to a fall in^ pressure in the constriction, 
but to onl}^ a very slighj difference across the sam 5 ; the fall 
in pressure \^aries roughly as the square of the gas flow. 

When the size of the condifit becomes great, say more. 
than I ft in diameter, the fise ‘of an orifice meter is m- 
convenient, especially as it introduces into the system a 
pressure drop which may involve the expenditure of con- 
siderable amounts of energ\^ In such ca^ea it is possible 
:o employ an anemometer, i.e. a series of vanes with a 
irain of recording dials, or to measure the " drag " on a 
3ucket or plate suspended in the path of the stream, or, 
more commonl)^, use is made of a Pitot tube, of which the 
ndications are more easily converted into velocity figures ; 
i made of glass, it is unaffected by corrosive gases or vapours. 

This apparatus consists of tubes arranged as in Fig. 4 
[cf. Pannell, Engineering, (19^9), 261). The side openings 
(3 rows ol 7 holes 0*04'' diameter) are under the static 
^:'fe;... ':.fjjistiAg in the conduijf^ while the cental JubeJias, 
in addition, the dynamic head due to the local arrestment 
3f the current ; consequently, by connecting the ends A and B 
to a suitable manometer, a pressure difference is registered 
which is connected with the linep,r velocity of the current 
as follows : — * - 


where v => the lin^:ar velocity at the point of the Pit6t tube, 
! in cm./sec., ^ ^ 

g cm./sec. 2 ‘(the gravitational constant), 

h => the height of the gas column eqmvalent to the 
head of lic^d in the manometer. 

If the inJucating liquid be water and the moving gas be 
air, botlj at 15° C., the expression becomes— 




2 x981 X o' 999 ^' 
0*001226 
« •* = 1 264* 5 VA' cm./sec. 

where h* is the head of water in cm. 


cm./sec. 
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Convertirjg jnto the ms>re practical units of lt?/sec. and 
• inches of water, we haje-^ * 

^^ i264-5V4"X2-5 Jft./sec. 

I2X2-5f • 

=^ 66 'iVh'^ ft./sec. * 

where v => tJie linear velocity ft.-sec. 

=> the head of water in inches. 



Thus, a linear velocity of 20 ft./sec. oi air at 15° C. would 
give a head of water ecjual t« — 

/" 20 V • ^ • 

It is easy to see how corrections for density, temperature 
and pressure of the gas, or for density of the indicating 
liquid must be applied. ,, In any case the readings do* not 
give the mean li^jeaf velociiy in the conduit as the velocity 
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V , ^ 

Vd.ri6S frbifi point to point, boingc^rcntost lyx ccuLTetana 
zero at the wffls. With streaSn-Une moticm the mean 
linear wlodty is about 0‘5 t^.at of the axial velocity ; at 
the critical velocity the^ratio increases sharply to a value in 
the neighbourhood of q/8 (cf. Stanton and Fannell, loc. cit.). 

The Pitot tnbechas many disadvantages; it involves, 
the use of a delicate manometbr, vx, a tilting gauge in wlfich 
a differential brine (S.G., i*o6) and castor-oil combination 
is often used instead of water for the measurement of the 
very small pressure difference (cf. Stanton, P^oc. Inst, Civil 
Eng., CLVL, (1904), 78), the readings being unsuitable for 
observation by a workman. 

Recently, considerable attention has been directed, 
therefore, to the question of ** hot-wire anemometrj^*' A 
general description by Thomas of the relative advantages 
of this system of measurement will be found in J. Soc. 
Chem, Ini., (1918), 165T. A thin wire, preferably of plati- 
num, about 0*003 ill dianfeter, is mounted either in the 
c&tre or at some other point in the conduit at which the 
ftiJafesSi^^he actual to the ave^rage linear velodty is known. 
The wire/Tieated electrically, preferably to about 200^ C., 
forms one arm of a Wheatstone bridge and the temperature 
fall produced by thet^gas current may be determined by 
measurement of the resistance w^ich, of course, decreases 
with fall in temperature. 

Calibration may be effected by checking against measure^ 
ments obtained hf other means or by calculation (cf . Morris, 
Engmeering, (1912), 892). The expressiqn !or the h eating 
energy (itf; for a particular temperature is Ca> = Vv + k, 
where v = linear velocity and C and k are constants. Small 
changes in the pressfire or temperature of the gas have no 
appreciable influence on the results^ if these be expressed ^ 
in t&mg of mass of gas, npt of actual linear velocity. The 
measurements are easily taken by cU workman and can be 
recorded automatically, if desired! 

Since the indications of the apparatus are considerably 
affected ®byc turbulence of the gas under examination, it is 
desirable that the hot wire should be remaved from proxinuty 
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to ally bends ♦oij valves which often introduce di^ modify* 
Existing turbtHence in ^ marked degree. * 

When gases which are Recomposed by even* gentle 
heating in* contact with a heatod metal surface, e.g. coal 
gas, are to be dealt with, the platinutn wire may be coated 
with glass which, although ^it introduas a lag, does not 
•affect the validity of the*relition between the resistance 
of the wire and the gas velocity. By using two wires 
disposed transversely in the stream, one close behind the 
other, the direction of motion can be followed, as the down- 
stream wire is partly shielded from cooling by being swept 
by the heated gas leaving the other. 

Automatic Safety and Purity Tests.— In the routine 
control of technical gas reactions or treatments it is often 
desirable to make automatic tests — preferably capable of 
giving continuous records— of the percentage of specific 
impurities at different points of the plant. A familiar 
exagiple of a recording gas anatysis apparatus is the carbon 
dioxide recorder, ^which is chiefly used as a chedk on the 
comtuistiqp itf boilers and th^ like. The most 
e.g. the Sarco apparatus, depends on the automatic measure- 
ment by the position of a small balanced gasholder, of a 
sample of gas before and after exposure to caustic soda 
solution. A filter pump cy: a stream of water is used to 
provide the necessary power for sucking in and ejecting 
the gases ; the result of each analysis is registered by a pen 
attached to the little gasholder on a drum fotated by clock- 
work, tlj^e intervals Jpetween successive analyses being about 
five minutes. * 

In another Torm, a bi-meter recorder, made by the 
Cambridge Scientific Instrument Oo.,Jt continuous stream 
of gas is passed througlf two gas meters, betwS^n which is 
interposed a lime or soda-lime ab%)rber. The differgnc^ in 
the readings gives the percentage of carbon dioxide. On 
similar lines is the form of* apparatus in which two orifice 
gauges are used with soda-lime interposed (/. Qasbeleucht,, 
1914, 548). Other methpds operate through th^ mbasure- 
ment of the heat qf absorptidn of carbon dioxide by alkalis. 



i f lyii or combostibk gases ain^jjpt^^ lAth eaic^ other, 
tie oxygen content electrolytic hydrogen or the 
>tesence of methane ]n mine air, methods hav( been pro^ 
posed, depending on fhe measurement of the rise in tempera- 
ture produced bt catalytic ^on:|J)ination in the presence 
of platinum black or the liJe A the ordinaiy^ temperaturef 
by means of air thermometers or by the cliange in resistance 
of wires coated with a catalyst (cf. Lunges “Gas Analysis/* 
1914). Either method can be adapted to^^iving an alarm 
automatically or to furnishing a continuous record. These 
methods have some disadvantages, to overcome which 
an apparatus has been devised b}’ Green u’ood and Zeallc}^ 
(J. Soc. Chcm. hid., (1919), 87 T), depending on the automatic 
measurement of the contraction resulting from the inter- 
mittent heating of a platinum wire in the gas mixture. 

Only a few examples have been given above, but they 
ire typical and will serve ?o indicate the general mojle of 
ittack in special cases. ^ 

-^'liiWCompression of Gg^'ies.— This is a ver^ impprtant 
onsideration, since most of the gases prepared technically 
ire put on the market compressed to 120 atmospheres. 

Work of comprtssion . — It will be well to consider the 
)rinciples deten^ining the expenditure of energy required 
;o effect the compression of gases as this energy con- 
;titutes an important item in the cost of the market- 
ible gas. ‘ , 

*^In the first place ,it may be stated that in ^technical . 
jractiefe the compression approximates rather to adiabatic 
‘h a n to isothermal compression although efforts are 
made to minimize the increase in power involved thereby 
oy adding water, the vaporization of which reduces the 
:emperature rise, and by effecting the compression in a 
lumber of stages, which, as explained later, operates in the 
same direction. 

Adiabatic compression . — Consider a volume of gas v\ at 
i*pfessure^i when the temperature (absolute) is Tj. 

Assume this gas to be coi^pressid in^an adiathermic 



cylinder to a^pi^ssure of ^2^ the volume falling to and 
^he temperatture rising io T2. 

Now in this process the prlduct^Vy will remain constant, 
where 




equals the ratio of the specific heats at constant pressure 
and constant volume respectively, or 


^ yy 

where C is a constant. 

The work of this adiabatic compression (Wj) equals — 

[ p .dv =^cf \.dv = — -- ^2*“ '^) 

Jv, Jv.'oy i-r 

Substituting C =piV\y we have— 




But 


I -y 


PiVi PiH 
Ti T, 

Pxn 


Wi 


■T,(r-,y)*^* 


/-i-V 'h ) 


We ^ave now cqpipressed the gas to the required pre^ure, 
but its temperature is— 

YTJ 




in accordance with the law for the effect of adiabatic com- 
pression from pi to p2. • ^ 

In order to reduce its temperature to Ti, the initial 
temperature, .we will consider the walls of the* cylinder to 
become conducting. To prevent the pressure* faSiqg,’ it 
will be necessary^to^ollow^up the contracting gas with the 
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piston, a further amount of workj (W2) being thus perfotmed 
on thecas. r * 

The volume after cooling fco Ti will be — 


Pi 

assuming Boyle’s Taw to bo valid! 

Therefore, the volume before cooling, i.e. at T2, will be — 

Pi T2 


Pi 


and the contractiou- 


^Vi 


ti T2-T1 

Pi 


Since the pressure remains constant at p2, 
^iVi(T2 — Ti) 

w ork performed = + W2 • 


■f, 


y-i- Ti 


T, 


_ y(/>ij>i) T2-T1 
y-i- xr 

f nr! 

Further— ‘t2=Ti(|?)’' 

Therefore Wi + W* =^^{0 I - 1} . 

For practical purposes it will be convenient to express 
p in atmospheres add v in ft.^, when the result will be in it.® 
atms.«i ft.^ atm. * representing thfc work done in moving a 


I ft.> atm. = 28'5*7 x io» x 10132 x io« ergs 
= 2*8^0 X loi® ^rgs. 

1 K.W.H. — 3*6 X 10* wa/:t seconds 
= 3*6 X 10* X 10’ ergs 
^ = 3*6 X ioi» ergs. 

. I K.W.H. » 3'6 X io» jj, , 

2 8690 IO»® 

« 1255 ft.» atms. ^ 

I H.P.H. « 1255 X 0746^ft.* atms. 9g6 ft.* atms. 
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• • - 

pist(JQ I ft.* fin area through i ft. against a* pressure* 
^fference of t atm. Fj)r further simplification, take p\=i 
atm., and =31000 ft. 3. The^i — • 

W, +W, -ij If .tas. 

• and*for diatomic gases— • • 


W1+W2 


1000 X I ‘41 
0*41 

1000 X 1*41 
0-41 X 936 



ft. 3 atms. 
H.P.H. 



H.P.H. 


As an example, let us take the compression of 1000 ft.* 
of air from i atm. to 201 atms., starting and finishing the 
operation at the same temperature, e.g, 15° C. 

Work then equals — 

3 - 674 {(^y 1 j H.P.H. = 13-4 

It is interesting to see the effect on the efficiency of 
compressing in a number of stages, e.g. consider the operation 
to be effected in three stages, the pi^ssure in each phase 
rising to 201* times (5*86 Jtimes) the starting pressure with 
intermediate cooling to the initial tempefeture. Thus, 

In the first stage the pressure rises from i to 5-86 atms. 
second „ ^ „ „ 5-86 „ 34-3 „ 

third „ , „ „ „ 34-3 „ 201-0 •* „ 

It is obvious that the temperature rise in each stage 
will be — • 




Consequentl3r the work done in each case will be the 
and equal to^ * 


3 ‘ 674 j 5 ; 86 *'’-i; H.P.H. =2-462 H.P.H. 


same 
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while the total work of compression will be-^r « 

3 X 2-462 H.P.H. =7-3£6 H.P.h/ 

The general form of thi expression for multi-stage 
compression, where n =f the number of stages, is — 

- i| H.P.H. 

or, per 1000 ft. 3 of a diatomic gas measured at i atm. 
pressure — 

0*29 

W = 3 - 674 «|(|- 2 ) “ - 1| H.P.H. 

Isothermal compression . — Consider a volume of gas Vi 
at pressure pi to be compressed to p^. If the com- 
pression be performed in such a way that the heat produced 
escapes so rapidly that no increase in temperature occurs, 
the work performed is given by the expression — 

W ^f'p.dv 

= PlVl\og,^ 

< b' 

^ assui^ng Boyle's Law throughout. ^ 

In this case the number of stages has no influenV:e, and 
r taking again the case of 1000 ft. 3 of gas at i atm. pressure 
to be raised tp 201 atms. — 

*• W = 1000 log, ii?! ft !3 atms. 

=> 5300 /t .3 atms. 

= H.P.H. =n= 5-66 H.P.H. 

In actual practice, with large multi-stage (3 5) com- 

pressors, the overall efficiency allowing for fraction losses, 
etc.*; is some 80 % of that calculated as above for adiabatic 
compression. 
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Thus, with, t]jree-stage compression, the power tor the * 
dDmpression di looo ft^^ (J afj- to 200 atmcfepheres would 
be — 

B.H.P.H. =9 23e B.H.P.H. 

k equivalent to 6*89 K.W.H., 

Allowing for an efficiency of, say, 85 % in the electric 
motor driving the compressor, the actual energy expenditure 
would be 8*11 K.W.H. 

The power demanded in practice is found to var>^ from 
about 12 to 8 K.W.H. per 1000 ft. 3 , according to the size 
of the plant. 

Notes on Compressed Gases— Safety Precautions.— 

In dealing with compressed gases, due regard should be paid 
to the question of the strength of materials and to the 
correct engineering design of the containers and conduits 
employed. In fact, an elementary knowledge of the methods 
of calculating the factors of safety of the various parts of 
the apparatus used, of the mechanical propierties of the 
steels an(f other materials used in the construction of high- 
pressure plant, and of the influence of mechanical work and 
heat treatment on the same may be ^aid to be a sine qua 
non. The material for the construction of the weldless 
steel cylinders employed \or the cqmnjercial transport of 
compressed gases is legally defined in this country as steel 
containing not more, than 0*25% carts^n. For further 
details, mechanical tests, etc., cf. Recommendations qf the 
Parlianfentary Conimittee on the Manufacture of Compressed 
Gas Cylinders, <895. 

• When dealing with inflammable gasec, it is v^ry important 
to make sure by analysis that oxygJh is absent from the 
gases undergoing compression, at any rate is "present 
only in small quantities well below the limit of iiAamma- 
bility, since the momentsCry temperature rise on the com- 
pression stroke is often sufficient to cause explosion ; similarly, 
it is important that the compressor should *be apec^Ally 
designed for use wpi inflammable gases, i.e. il should be 
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^ of the ehdosed type — not open, ag in the orcjin^ry Whitehead 
** liquid air ” cbmpressor, for exJmpk. * ♦ 

The limits between which .explosion is possible are given 
below for a number of gases. The values are *for atmo- 
spheric pressure. ' 

TABLfe 5., 

Explosive Himits. 


Gas. 

Minimum % air in gas 
for explosion. 

Minimum % gas in 
air for explosion. 

Hydrogen 

25-8* 

4*1 • 

Carbon monoxide 

25-8* 

12-5* 

Methane 

84-6 • 

5 * 3 * 

Coal gas 

79 1 

7 t 

Blast furnace gas 

35 t 

! 36 1 

Water gas (Bunte, 1901) . . 

1 33*25 

12*4 


With electrolytic gas which may contain oxj^gen un- 
diluted by nitrogen the limits are considerably smaller 
(cf . p. 202) . Increased pressuit appears to have no noteworthy 
effect on the limits of inflammability (cf . Burrell and Gauger, 
* loc. c«V.)*^Fu!ther investigations carried out by BjirrelJ and 
Robertson (Technical Paper, No. 121) with methane show 
that reduction of pressure has the effect of narrowing the 
explosive limits ; thus, no methane-air mixture will ignite 
at pressures below 275 mm. On, the other hand, the same 
investigators found that in the case of methane the limits 
were widened by increase of temperature ; the minimum 
^ percentage of methane in air for indummation is lowered 
from^'y *5 % at the ordinary temperature to 375-4 % at^500° C. 

According to Terres and Plenz (J. Gasbeleucht, 67 , 
^ (1914), 990, 1001, 1016), in the case of mixtures of hydrogen, 
carbon monoxide arl^ methane with air, the effect of ih- 
creasedtpresSire is to narrow tke explosive limits, especially 
for 6arljpn monoxide mixtures, the upper limit of methane 
being an exception. Increase of temperature widens the 
limits. 

• Coward, Qhem, Soc, Trans., (191 1859; Coward,* Carpenter and 

Pay9ian,<f2>., (1919), 27. 

t ]|urrell End Gauger, Technical Paper, No. 150, Bureau of Mines, 
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A propos of Jhe dangei of explosion from the possibility* 

meeting with explosive ^xtures in cylinders the following 
precautions are desirable in the manipulation of conipressed 
gases : — • 

(1) The avoidance of sudden opt!ning of valves leading 
to gauges, etc. By the^ adiabatic compression of the first 

• portion of gas, sudden opening of a valve may raise the 
temperature to the ignition point and a similar effect may 
be produced by friction in closing a valve, or by the presence 
of finely divid<id iron, etc. 

(2) Consistent analysis of the contents of cylinders 
before exposing to conditions which might initiate an 
explosion while still under high pressure, also if the con- 
tents of several cylinders are to be mixed under high 
pressure. 

When compression of an inflammable gas is performed 
the compressed gas should be tested for the presence of any 
oxygen which may have been introduced accidentally 
during the compression. * 

1 ^ or(ier Iso avoid any confusion and to guard against the 
possibility of such disastrous mistakes as the filling up with 
oxygen of a cylinder partly filled with an inflammable gas, 
or vice versa, rigid rules are observed by all filling works 
that each cylinder shall be emptied before recharging and 
that all cylinders containing inflaiflmal)le gases shall be 
fitted with left-handed screw connections; oxygen, air, 
nitrogen, etc., are chimed in cylinders ^ith right-handed* 
connec^ons. Further, the cylinders are painted distinctive 
colours : thus, hydrogen is contained in red cylinders, oxygen 
in black, and nitrogen or air in grey cyhnders. To guard * 
against the possibility of deposits froi]j^oal gaS and the like, 
cylinders which have ^een fitted witn left-flanded valves 
are always annealed before being fitted with rightihatded 
valves. All cylinders, of course, are annealed and re-tested 
at regular intervals. 

For a discussion of the results of carelessness in respect 
of the above-mentioned jjrecautions, cf . Wohlej, ZT an^ew, 
Chem., 80 , ^74. Manometers and the like ^ould 
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1)6 provided with gas checks, * constrictpus to minimize 
the effect of sudden admission of gas^ <■ ^ 

(3) The insertion of explosion traps, e.g. tubes packed 
with copper gauze or steel wool, may often be advisable in 
cases where explosion is possible. 

Oxygen is a dangerous gas to compress unless proper 
precautions are taken, while manipulation of the compressed 
gas requires care, as in the presence of oil, etc., an explosion 
is easily initiated in various ways, as indicated above. All 
oxygen pressure gauges and connections sho^ild be scrupu- 
lously free from oil or other organic matter, and only water 
can be used for the lubrication of the compressors (cf. 
Rasch, Z. fur komp. u. fiussige Case, (1904) , 141) . Acetylene, 
being an endothermic compound, is ver>^ dangerous to 
compress by reason of its liability to detonate. 

It has been observed in the rapid release of compressed 
hydrogen that ignition occasionally occurs. The origin of 
the phenomenon is somewhat uncertain; possible sources 
are dectrical sparks due to dust disturbed from the valve, 
etc., or the catalytic or pyropfeoric action of finely divided 
iron oxide or metal present in the cylinder or valve passages. 

A feature of compressed gases which should be borne 
in mind is the almost complete diymess of a gas at, say, 
100 atmospheres pressure. Thus^ at 15° C. the percentage 
of water vapour will be' about — 


12-8 X. 10 Q 
760 X 100 


per cent. 


0 01*7 per cent. 


as compared with a possible 100 times this amount at the 
ordinary pressure. 

Cylinders ‘of compressed gas should be kept in a cool 
place as a rish in temperature of, 20° C. would raise the 
pres6urq,from the normal v^ue of 120 atms. to some 128 atms. 

Liquefied gases . — Reference has been made to the necessity 
of keeping cylinders of compresseJi gases cool ; much more 
does this condderation apply to cylinders contaij^ung liquefied 
gases, e^peqially if the cylinders have been somewhat over- 
charged with liquid. The following tablj, adapted from 
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Teichinann, Komjirimieyte verflussigte Gase, iQOii, sliows 
ttie way in whfch the seijsitivity to warming varies with the 
degree of filling. * 

The fibres are based on Regn^ult's vapour-pressure 
measurements (cf. Table 7). The ** normal fillings are 
those given in the third c^lunfn and are according to German 
'regulations. ’ * 


TABLE 6. 

Relation between Degree of Filling and Pressure in Cylinders 

• CONTAINING LIQUEFIED GaSES. 


Gas. 

Volume of i Idlo. of 
liquid at 15° C. 

Minimum cylinder 
space per kilo, of 
liquid (litres). 

Absolute pressure (atms.) exerted at temperatures given (°C.). 

Normal hlling. 

5 % over-filling. 

10 % over-filling. 

' ‘ 1 

0 , 10 20 1 30 40 

0 1 10 1 20 

30 

40 

0 

10 

20 

30 

40 

Sulphur 
dioxide j 
Carbon 
dioxide 
J^itrous 
oxide 

0716 

I’:^o 

1*205 

0-8 

1*34 

1*34 

x’53 3*26 3*24 4*526*15 

35*4 46*0 * 58898*5 138 

! i 1 

36*1 |44*8 1^55*479*8 126 

• — 

! 1 

1 53 2*26 3*24 

f 

34*4 46*0 66*4 j 

36*1 '44*8 55*4 i 

■ ! 

“TK 

4'52 

no 

99*5 

6*15 

151 

152 

»’53 

35*4 

36*1 

a 

2*26 

46 0 

t 

44*8 

3 24 

76*6 

68*1 

13 at 
23 * 9 °C. 

I|0 

lao 

162 

17;, 




The rises in pressure are greater than the vapour pressures 
of the respective liquids at the temperatures in question, as 
is seen from the following table : — 

taIjle 7. 


Vapour Pressures of Liquefied Gases. 


“•V . 

Absolute vapour pressure (atms.) at temperature given. 

•* 

• 

o ° C . 

10° C. ' 

20° C. 

30^ C. 

40° C. 


Sulfihur dioxide | 
Carbon dioxide | 
Nitrous oxide . . | 

r 

I '52 

354 

34’3 

36*1 

30*8 

2*26 
2^5 
46^ 
44*2 
44*8 
— • 

324 

i ’30 

5?8 

56*3 

53*3 

49*4 

4*52 

4 * 6 q^ 

73*8 

70*7 

>68*0 

» 6-15 
^6*20 
^•0 

83*4 

Regnault, 1862. 
Pictet, 1885, 
^egnaujt, 1862. 
Amagat, 1^2. 
RegnaiHt, 1862. 
Villard, 1897. 


Note, — At* 40® C. both carbon dioxide and nitrous oxide 
are above their critical Jemperatures. The differ 3 ice*is 
due to the bottle,be(»ming filled with liquid, of course,* and 
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the temp'erature at which this |eould oc<gLi» at the above 
cited degrees ‘^of filling is given jin the fdUowing tabl^ 
(Teichfcann, loc, cit.) 


c TABLE 8. 

( 


0 

Teioeierature (%.) at which completely full with 

Gas. 

normal filling. 
i.e. as in 
column 3, 
Table 6. 

5 per cent, 
over-filling. 

10 per cent, 
over-filling. 

Sulphur dioxide 

Carbon dioxide 

Nitrous oxide 

64-6 

21*2 

24*9 

45‘5 

I8'I 

20*5 

232 

14-2 

l6*I 


In the case of carbon dioxide, the question is discussed 
very fully by Stewart (Trans, Amer. Soc. Mech. Eng., 80 , 
(1908), iiii), according to whom the temperature at which 
the cylinder becomes completely filled with liquid is connected 
mth the amount of the charge as follows : — 


TABLf 9. 


Cylinder volume in litres per kilo. 

carbon dioxide 

Temperature at which theS:ylinder 

r8 

1*6 

1*4 

I'2 

becomes full. ®C 

— i 

30-31 

c 

28-30 

26 

15-20 


An allowance of about i*6 litres/kilo, carbon dioxide 
(or ^9 lbs./ft. 3 ) & recommended by -Stewart as a result of 
his (^culations and experiments. , 

As the cylinder becomes full of liquid the pressure rise 
becomes much steeper, although the rate 6f increase is of 
a different ot^er froi^hat obtaining with water, for example. 
When cthe Ifi^tiid is very near Its critical temperature, 
^.^.fcarhon dioxide, Tc=:3ri° C., the coefl&cient of expansion 
becomes relatively very large, bufr the compressibility also 
increases, causing the pressure curve to be less steep than 
might have been expected. • 

*ln this country the recomipendation of the Parliamentary' 
Committee on the Manufacture of Comprei^ed Gas Cylind|^» 
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l 8 g^, is that th« charge o| carbon dioxide shall nbt exceed 
1)75 lb. per I6. of watv capacity, while a fTgtire of f lb. is 
given for tropical use, corresponding to 46*9 and 4i7!bs./ft.^ 
respectively ; for ammonia, 0*5 lb. per lb. of water capacity 
is recommended as a maximum ; no specific recommendations 
are ^made for sulphur .diokide and nitrous oxide. The 
Committee recommends a lest pressure of 224 atms. for the 
cylinders in the case of carbon dioxide ; attention is drawn to 
the regulations in force on the German railways, given below— 


• TABLE 10. 

Gerbian Railway Regulations for Cylinders of Liquehed Gases. 


Gas. 

Mioimum cylinder 
volume per kilo, 
(litres). 

Test pressure 
(atms.). 

Carbon dioxide 

i ‘34 

250 

Nitrous oxide 

134 

250 

Ammonia 

1-86* 

100 

Chlorine • 

0*9 

50 

Sulphur dioxide 

0*8 


Phosgene 

• K 

0-8 

♦ 30 

' 


In the filling of cylinders with liquid gases the complete 
exclusion of air is important, since the presence of a permanent 
gas has a considerable effect on the pressure set up in the 
cylinder. ^ 

When sampling liquefied gases tlse simple is best taken 
\Hth the cylinder in an inverted position, using a fine 
regulation valve ; disber liquid or gas can thus be withdrawn 
withouj contamination with any air which may be prtsent 
in the space above the liquid ; compare, however, remarks 
relating to nitAus oxide on pp. 289, 290. 

Heat-Interchange.— The cost of* nearl)^ all technical 
operations depends on^he fuel consuSptton^Wiich, jn turn, 
is determined by the operation^ of heating or cqplii% to 
which the gases, or their parent substances or products, are 
subjected. In almost dl cases the final temperature is 
the same as .the initial temperature, that pf the atrno* 
sphere, «uxd therefore, ap|ft f jom heat usefully ^mplbyed in 
2*0 litoe§[kiiS. recommended by British Committee. * 
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effecting 'endothermic reactions^ the heat- is theoretically 
capable of regeneration. 

It Will therefore be well to examine now the ^ factors 
which influence the transfer of heat between 'gases and 
gases (through a parti’don) or between gases and solids. 

Suppose one tocequire a kn(?wledge of the rate of tr^sfer 
of heat per unit surface per (iegree C. temperature difference 
per unit of time over a very short length of tube, and also of 
the relation between this quantity and the linear velocity of 
a gas, initially at a temperature /j, passing through a metal 
tube the outer surface of which is maintained at a lower 
temperature, 

The rate of transfer does not depend, to any great 
extent, on the thermal conductivity of the metal tube as 
might at first be thought, the gas itself offering so much 
resistance to heat flow that the resistance of the metal is 
almost negligible in comparison. If the gas be flowing with 
sfream-line motion, the rate oi transfer will be very low indeed, 
since it can only occur by conduction from layer to layer of 
the gas, and gases are very poo. conductors of'heat. c 

When, however, the critical velocity is exceeded, we 
have an approach to temperature equilibration across the 
bore of the pipe ; birt, although very much better, the heat 
transference still falls far short of that which is possible, 
as far as the thermal Conductivity of the walls is concerned. 
This is due to a stagnant film of gas on the walls of the 
ccmduit. The effect of increased "'linear, velocity is to 
decrease mechanically tjie thickness of this film w?th con- 
sequent increase in the value of the heat transfer coefiBdent. 

According to Porter {Trans. Institution of Engineers 
and Shipbuilders ij^ Scotian^, Nov. 19, 1918), Mowing 
Osborne Reynolds,' the coefficient of heat transfer from a 
given fluid to the walls' of the tube through which it is 
flowing (or vice versa) for turbulei;it‘ motion may be expressed 
1 in general terms as follows : — 
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where K => the (loeffident |f heat transfer, 

C => tl!e thermaloConductivity of the tfuid, 

V =3 mean linear velocity of the fluid, 
p ^ density of the fluid, 

|Lt =3 viscosity of the fluid, 
d =1 diameter of the tube, 

M =3 a constant, * 
all in absolute units. 

Since a survey of experimental measurements indicates 
that n may be» taken as about 175, the equation becomes— 

The main inferences to be drawn from this relation are — 

(1) The heat transfer coefficient will vary as the 075" 
power of the linear velocity. 

(2) Except for stream-line motion, the thermal con- 
ductivity of the fluid is not oit itself the determining factor 
as regards heat interchange ; thus, although hydrogen has 
a high thermal Conductivity as compared 4vith air, its 
density i 5 relatively small, while the viscosity is about half 
that of air. The relative values are seen to be in the ratio — 

=3 ^3/^ £5.1 
I^air pair Pair 

for turbulent motion, and equal values of v and 

• 41-65 X X ^73 X io~«Y‘75 

5*67 ^ 10-^K 0 0012928 X 86 io~® / 
ato°C# . • =1-68. 

(3) The coqjfl&cient of transmission will slowly fall off 
as. the diameter of the tube increases,^ thus, an increase in 
diameter from i to ^ inches witht^erijQie unchanged 
conditions of linear velocity, etc., results in the decrease in 
the coefficient in the ratio of — 

•I I '565 

I • aa . 

• 6085 I 

• 

In an investigation wi|Ji wjter, Stanton {Phil TrWns,*A'^ 
67) foun^th® index of the power of to be o*i6j. ' 
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(4) Tne coefficient will incr('ase rapicHyo with increase 
in the pressure of the gas, since rthe density is approxi® 
mately proportional to the pressure, while the viscosity and 
thermal conductivity * are almost independent 6 i pressure. 
Thus one would expert the coefficient for a pressure of 100 
atms. to be some i( 5 'i*= 32 times th^t at atmospheric pressure 
for equal linear velocity. 

Further, since in regard to pressure variations— 


Ka(i;p)*a(PV)* 

where P = pressure and V = volume, it is evident that K 
will be practically constant for all pressures, provided that 
vp or PV is constant, i.e. provided that the quantity of gas 
flowing through the conduit in unit time remains the same. 

The above considerations apply equally to liquids; 
the values of the coefficient, however, are much higher, 
namely of the order of several hundred times those observed 
with gases at atmospheric piessure for equal linear velocity, 
ft will be found convenient to express the coefficient K in 
terms of C.K.U./ft. 2 /hr./°C. temperature iifference. 

There are three principal types of heat transfer, ‘^as r^ards 
gases, to be considered — 

(1) Heat passes (rom a gas to a solid, or vice versa. Here 

we need to consider the heat transfer coefficient for one 
gas film only. • ^ * 

(2) Heat passes from a gas through a thin metal partitipn 
to a liquid, or vice versa. In this ca^e, let— 

kg ^ the coefficient of transfer between gas and metal for 
the rate of flow effitaining, " " 

feip=»the coefficient of heat transfer between liquid and 
metal for the* rate of flow obtaining. 


rh^n • 


K: 


l + L 


a^lecting the effect of the tube itself. 


theAnal (inductivity of a gas may be expressed as and, 

lince the viscosity and specific heajs are not greatly affected by changes 
yi pressure, the thermal conductivity may be taken as approximately 
instant .# ^ 
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^ A little consideration wnl 3I10W that it is almost correct 
to neglect and to take the coefficient of the gas^lone, 
this being the determining factor. An example of this type 
of interchange is the cooling of air^by passing over cold 
brine pipes. 

^ (3) Heat passes from pne.gas through a thin metal 

partition to another gas. 

This is the state of affairs in the usual gas heat-inter- 
changer, e.g. in the B.A.M.A.G. continuous catalytic process 
for the production of hydrogen (p. 161). In such a case 
the coefficient- 



will be of the order of half the value of or if these 
are fairly similar, i.e, if similar conditions of motion and 
pres!?ure obtain in both gas currents. • 

If, however, onfe gas be a^a high pressure aftd the other 
at atftiosplieric pressure, as, for example, in a liquid air 
machine heat-interchanger, the conditions will resemble 
those in case (2), the low pressure g^s determining the 
situation although the coefficient of heat exchange between 
the compressed gas at, say, 100 atmospheres pressure, 
aiyl the metal is of the order of 30 times that obtaining in 
the case of the low ^r^essure gas for similar conditions of 
motion. • «• 

A pfffpos of the* investigation of* existing plant and the 
design of new, it is important to note that the mean tem- 
perature difference is not the mean of ^e initial and final 
temperature differences? exc^t in t£fWcaii»of a ^ heat- 
interchanger with counter-curren^ flows of equal thermal 
capacities, when the temperature gradient is constant. The 
mean temperature gradient* may be calculated for all cases 
as follows : — 
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^ ^ li 

where ti == thectemperature diffeience at oie Vd the heat 

( transfer process, 

^2 “ the temperature difference at the other end of the 
heat traifsfer process. 

Some values due to Joss^ are given by Hausbrand 
(“ Verdampfen, Kondensieren ulid Kiihlen," Berlin, Fiinfte' 
Auflage, 1912) for air at a pressure of i‘034 atms. traversing 
a pipe 0'9 in. diameter, the outside of which was kept at 
100° C. by steam. Since saturated steaiji gives a high 
coefficient of heat transfer, the values may be taken as 
applicable to a single air film. The values are adapted 
from a smoothed curve. 


TABLE II. 


Heat-Interchange Coefficients for Air (Single Film). 


r 

]&ean lineal velocity of air in ft. /sec. 

5 10 20 

30 

’ 1 5 ° 

^ 60 

K. in C.H.U./ft «/lir./« C 

i. 

! 1*6 2'9 yi 

ill! 

68 j 

r 

j 8-5 9’9 

11*2 


The relation between K and the linear velocity is 
approximately that given on p. 47. 

Note. — T he c^ctdated critical velocity for this case is 
about 5 ft./sec. 

Desiccation of Gases. — It is often necessary to carry 
out^ the operation of desiccation on'lkrge quantities of gas. 
Thus, all the air which enters an air liquefaction, pig nt must 
be scrupulously dried and similarly with the gases for the 
manufacture of hydrogen by the Linde-Frank-Caro process 
(cf. p. 172).*^ In bot>i cases, ^s wil^ be described later, the 
desired effect is best secured by refrigeration. 

A less obvious example of need for desiccation is that 
of the air supplied to blast fujnaces, the reason lying in 
the endothermic nature of the reaction between water 
v^o^ andf carbon. The water present in the air at 15® C.,. 
if, s^y, 75 % saturated (vapour pressure of water at 15® C, 
being 12*8 mm.) 
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_ 12-8 x'oVs X 100 ^ ^ , 

^0 ^ 

by volume ^of the air, or 6*o % of the oxygen present. 

The heating effects, assuming combustion to carbon 
monoxide only, are — 

H2O + C = CO + H2 — 29*1 kilo, calories, 

2C + O2 == 2CO + 58 kilo, calories. 

Heating effect erf loo gram-molecules of oxygen = 5800 K, 
Cooling ,, ,, 6 ,, „ ,, water vapour 

= 174-6 K. 

But coke consumed is equivalent to 103 gram-molecules 
of oxygen which would have given 5974 K. 


Therefore actu ally pr oduced 
possible heat production 


5800 — 174-6 

5974 


5625-4 

5974 


or ^4-5% 


So far we have considered only the number of heat 
units produced from a given weight of coke without reference 
to the efficiency of their utilization. •In actual practice, 
the economy effected is considerably greater than that 
represented by the above comparisbn, * amounting to a 
saving of the order of 30 % of the fuel required per ton of 
iron produced, ^he feason for this fact *probably lies in 
the great(er ease of reduction due to ^the higher temperalfure 
attained and possibly to the different equilibria established 
in tte furnace in the absence of water vapour, also in the 
greater regularity of operation^ * * 

The most practical way of effectin^^tlS^dehydcation 
(first carried out on the large scale’by Gay ley (Trans. •Aitier. 
Inst, of Mining Engineers'^ 86, (1904), 746 ; 86, (1905), 315) 
in America, plants having been installed also in this country) 
is to cool the air to a temperature of about —5® G. by means 
of ammonia refrigeration Inachiiies. For the most aconornichl 
Worlgpg, the bulk^.of •the water is separated above 0® (!. in 
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order to avoid the energy demanded by th% absorption of 
the latent heat of solidification. The vapour pressure at 
—5® C. is about 3 mm., i,e. the percentage of water vapour 
left in the air, V 

= ^^^5 = 0*^95 % by volume. 

A heat-interchanger is used, of course, to minimize the power 
expenditure. 

An alternative method is to pass the ^ir up a tower, 
down which cooled, concentrated calcium chloride liquor 
is sprayed ; the weakened liquor is re-concentrated, re- 
frigerated and returned to the system (cf. Chem. Trade /., 
62 , (1918), 113). Besides that of diminished fuel con- 
sumption, the drying has further advantages, such as the 
decreased air blast required and diminution in the dust 
present in the exit gases ; but the high cost of the cooling 
giant must be taken into consideration in computing^ the 
economics of air desiccation. 

The Storage of Gas. — In^'most operations relating to 
gases, it is necessary to store considerable quantities of gas 
to serve as a balance against irregular operation of the gas- 
producing plant, or*variable demand, as in the case of coal 
gas. In such cases it is usual Jto store the gas in holders 
consisting of a bell ofa series of bells rising and falling in a 
water seal. Such gas holders have been constructed up *to 
a capacity of abo\it 17 million ft. 3 . I«t*is, however, sometimes 
convenient to store gas at a pressure of about 20 atmospheres 
in cylindrical vessels of about 3 in. diameter, while similar 
vessels are used for railway transit. 

Refereitce DatA.— In the^ following tables will be found 
collected daS^wffich are useful in connection with technical 
ga# problems. The dat^or the table of physical constants 
have been selected from the best inodem determinations. 
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JL 


Heat of combustion. C.H.U. 



per 1000 ft.* at 15° C. 

Heat of formation. 

Coefficient of 

■f 

Net. 

Gross. 

C.H.U. per lb. mol. 

expansion of the 
Uqaid. 


Ozone 

— f 

1 

r X 10’ 

! 68*0 

• 

Hydrogen 

153.300 

181,200 


1 — 

Carbon monoxide 

180,500 


'( 29 from 

'( amorphous C. 

I _ 

Carbon dioxide . . / 

1 



/ 97*3 from < 

' 15® C. 0*01012 

' 


1 amorphousC. ( 

20* C. 0*01308 

Sulphur dioxide . . j 

1 


f 70 from I 

j 15® C. 0*00186 

! 


\ rhombic S. \ 

20* C. 0*00192 

Nitrous oxide . . | 

— 1 

— 1 

-I9’5 { 

15® C. 0 00852 
20® C. 0*01112 

Methane . . . , 

506,000 j 

562,000 j< 

{ 21*7 from 
( amorphous C. 

— 


TABLE 14. 


Useful Conversion Fact6rs. 


I inch = 

^ I metre = 

1000 ft.* 

I m.* 

I m.* 

I gallon 
I in.* 

I lb. * 

I gram. 

I atmosphere 

I ft.* atm. 

I K.W.H. 

I K.W.H. 

I K.W.H. 

I H.P.H. 

I H.P.H. • 

I HPH. 

I lb. coal 
- I lb. cote 
^25^ W.H. 


2*5400 cm, 

3*281 ft. t 
28*317 m.* 

35 31 ft.* 

220*0 gallons. 
4*5460 litres. 

16*387 cm.* 

453’6 grams. 

15*432 grains. 

= ' 14*690 Ibs./in.* 

= 1*800 B.T.U. 

= 1511 C.H.U. 

= 1255 ft.* atms. 

= 860(2r>kilo. calories. 

= 1896 C.H.U*. 

= 0*746 KtW.H. 

= 936*0 ft.* atms, 

= 1415 C.H.U. 

= about 7000 C.H.U. 
= about 8000 C.H.U. 
;^9 ,i 2/K.W. Years. 
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Part I. -THE GASES OF THE ATMOSPHERE 
Section L— AIR 

Properties of Air. — In view of the complex nature of air 
it is not proposed to enter, at this stage, into a discussion 
of its properties, as these are best defined by a consideration 
of the following sections; the more important physical 
constants will be found in Table 12, pp. 53-5. 

According to Holborn and Austin (Siizungsber. Kgl, 
Preuss. Akad. Wiss,, (1905), 1175), the mean specific heat at 
c<snstant pressure varies with temperature as follows : — > 

£ . 


Temperature ° C. 

c. 

20-^40 

©•2366 

20-630 

1 0*2429 

20-800 

, 02430 




According to JVitkowski, the mean value of between 
- ig2° C. and 17° C, is 0*2372. * * 

The influence of pressure over the raflge 1-300 Jttms. on 
he specific heat is seen from the formula giren by Holborn 
ud Jakob /Z. Ver^n. deut. In£,, Bit (1Q17), 146) for a 
temperature ol6o^.£ . — 

c 

t lo^C^ =3 2414 + 2‘86j!> + 0*0005^2 _ 0*0000106^8 

p being in atmospheres. ‘ 

Composition of the Atmosplhere.— The composition of 
the atmosphere is not absolutely constant, but ‘the following 
•: table i^ill serve to indicate the^general composition, according ; 
V to thb most recent experiments. It is obvious ^t the 
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atmosphere if* Ify no means such a simple^ mixture as is 
sometimes imagined 


TABLE 15. 

Composition of the At»^phere. 

Compcmeni. Percentage {by volume). 


Nitrogen . . . . • . . ^ . . . •. 

Oxygen • 

7805 

21*0 

Argon 

093236 

Neon 

OOOI81 

Helium 

o’ooo54 

Krypton 

0*0000049 

Xenon P. 

0*00000059 

Carbon dioxide 

oo3-o*3 

Hydrogen 

0019 ♦ 

Methane 

0*0121 • 

C^H, and similar hydrocarbons 

Carbon monoxide, together with hydrocarbons of 

00017 * 

the type CnH,^_j and CnH,^ 

0*0002 • 

Formaldehyde 

Ozone 

0002-0*005 

Hydrogen peroxide 

Ammonia 

Nitric acid, oxides of nitrogen ^ I 

Variable traces 

Sulphur compounds 

‘Chlorine compounds J 


Water vapour • 

■y^riaWw 


Vhe percentage of oxygen is not quite constant, but 
varies slightly according to the locality and the altitude; 
the maximum variations being of the order of o*i %. The 
carbon dioxide content is usually about 0'03 %, rising to. 
some two or three times *this value^ in »towns during fogs, 
while in badly ventilated rooms the concentration may rise 
to about 0*3 %. 

In this consiection it is interesting to note th^'^ the* 
composition of exhaled air is somewhat as follows - 



Per cent. 

Nitrogen ^ 

• • .791 

Oxygen . 

i 6'5 

Carbon dioxide 

4-4 

•• 

100 0 


* The values marked with &11 asterisk are due to Gautier {Annales d$ 
Chim. et de Phys., [7]. 22 , (1901), 5). Rayleigh gives a lower value for 
hydrogen, viz. ••003 %. The presence of the oxygen-nitr^en compounds 
is probably due to electrical action, while the sulphur compoimds are 
mostly derived from household and* industrial contamination. A certain 
amount of sodium chloiide is to be found in suspension in the atmSsphere 
in ^e neighbourhood of the coast. 
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The Liquefaction of the Perntanent G^ses (Air). 

The liquefaction of permanent gases is a subject which 
claimed the attention, of scientists and inventors for many 
years before any degree of success was attained. 

A permanent g 4 s is distinguished from a vapour in.that 
the critical temperature of the former is below the ordinary 
temperature, that of the latter above. With gases of the 
latter categor}% of which sulphur dioxide and carbon dioxide 
may be taken as representative examples, th^ mere applica- 
tion of sufficient pressure at the ordinaiy^ temperature is 
all that is required to produce liquefaction. When one 
considers that the critical temperatures of nitrogen and 
oxygen are —145'' C. and —118° C. respectively (as was 
subsequently discovered), the difficulties encountered by the 
early experimenters are not surprising. Progress was 
facilitated by Cailletet’s discover}*, in 1877, of the principle 
ofe''qpling by adiabatic expansion through the (accidental) 
sudden expansion of compressed acetylene in a glass tube, 
with the momentary formation of a mist. Repetition wth 
oxygen and nitrogen (at a pressure of 200 atmospheres) and 
even with hydrogen (at 300 atmospheres), employing a 
constant external temperature of --28° C., yielded a similar 
result. ^ ‘ 

The cooling effect of adiabatic expansion is expressed 
by the formula—^ 

Although of great scientific interest, ‘these brilliant 
experiments tontribifted but little to the practical solution 
of the. probleflf“K« liquefying* permanent gases in bulk. 
Some further progress wgs made by Pictet, the so-called 
cascade ” method being employed. Carbon dioxide was 
first liquefied under slight pressure at a temperature of 
—65® C., pi;oduced by the ebullition of liquefied sulphur 
dioxide under reduced pressure. The carbon dioxide was 
;in tuhi evaporated under diminished pressure, yielding a 
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temperature cjf —130® C., and was then used*to cool a tube 
supplied with oxygen at?a pressure of some 300 atmospheres. 
On opening the exit valve a transient stream of hquid was 
observed ; here again the yields wer^ yery minute. By the 
evaporation of liquid ethylene, care being taken to provide 
efficient thermal insulation^ OJszewski ahd Wrdblewski, in 
1885, obtained a temperature of —152° C., at which tempera- 
ture both oxygen and nitrogen were liquefied under pressures 
in the neighbourhood of 25 atms. The cascade method 
was elaborated further by Kammerlingh Onnes, using, 
(i) methyl chloride, (2) ethylene, and (3) oxygen. By the 
evaporation of the oxygen under reduced pressure a tempera- 
ture of —200° C.,was reached and, finally, —270® C. was 
realized by the addition of (4) a helium system. 

The problem of producing liquid air technically was 
solved almost simultaneously by Hampson in England 
(B.P. 10165/95), Linde in Germany (B.P. 12528/95), and 
by Tripler in America (B.P. 15235/99). All theae^pyeati- 
gators made use df the Jou^e-Thomson Effect (cf. p. 10), in 
conjifnctian with the principle of the heat-interchanger first 
propounded by Siemens in 1857. 

This effect is not to be confused with the adiabatic 
expansion of a gas performing external work ; the fall in 
temperature being mainly flue to the intejnal work involved 
in the separation of the molecules. 

The approximate fall in temperature y the case of air 
can be evaluated from*the expression— 

dT = o-276(/>i - degrees C. 

where pi and are the initial and fifial pressures respec- 
tively, when Pi is not far removed from atil!B 9 {)heric pressure. 

When this property of imperfect gases is utilized in 
conjunction with the principle of heat-interchange one 
obtains a progressive fall in the temperature of the expanded 
air until the point of liquefaction is reached. » 

Theory of Cooling^ th« Joule-Thomson Effect.— 

Some reference to tlfe Joule-Thomson Effect has been &ade 
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on p. 10 in tlv5 Introduction, but a moreS:6mplete exami- 
nation will be necessary for a thorough understanding of 
air on liquefaction processes. 

Consider a volume of gas Vq under a pressure of pQ atmo- 
spheres at an (absolute) temperature of Tq. Let the gas be 
compressed to a higher pre«isure Pi at a temperatuj^e 
(the volume becoming Imagine the compressed gas 
at pressure pi to be disposed in a cylinder A (Fig. 5), closed 
by a frictionless piston B, which is kept in position by 
another frictionless piston F of suitable areU exposed to a 



Fig. 5. — Production of cold by the Joule-Thomson Effect. 


constant pressure p2 side marked H {e.g. in contact 

with the atmosphere), the space E being vacuous. Bly 
means of the valve C the gas is allowejJ, to expand to pressure 
P2 into the cylinder D, dosed by a frictionless piston G 
working against a pressure p^- We will suppose, ’ further, 
that any temperature change which may occur on expansion 
is rectified in the course of passage through the connecting 
tube so that th^irdiole operation is isothermal. 

Now the work performed by the gas on the piston 
G=^2^2. while that performed by the piston B on the gas 
(as work performed by the gas at‘H on the piston F)=»^it;i.* 

^ • In actuaj practice, this work pyVx is performed by the piston of the 
oobipicssor in addition to that demanded by the actual compression of 
gas. Since, however, the compressor is fed with gas at pressure ^g, 
the pbwer absorbed by the compressor is approximately equal to that 
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C‘- 

J Wa 


dv=>-- 


Since most leases show a greater or less (deviation from 
Boyle’s haw, piVi is not necessarily equal to p^V2, and the 
work performed by the system on the external gas at 
pressure (which will generally be one atmosphere) 

re|)resenting the cooling (or, if negative, the heating) 
produced by external work. In addition, we have to consider 
the internal work due to the separation of the molecules, 
which will, in aU cases, operate in the direction of producing 
a cooling effect (H,). 

I V1V2 

J Va 

when a is the constant representing the cohesion of the 
molecules in Van der Waals’ equation — 

{p+alv^)(v'-;b)=^Kr 

Now a may be derived from the following re]f»t>3n 
(cf.p. 7):— • - 

* * _ 27 ( poVo^ 's^ 

6#A To ) 

Tj and pc being the critical temperature and pressure 
respectively. Thus, in the^case of air, if we take as units 
cubic feet and atmospheres and consider a volume of 1000 ft.® 
measured at i atm. pressure and 15° C., i.e. p^ = i, ^0=1000, 
To=> 288, ,, • 

* 27 /looo X I33\2 

■ • ''=6Tx39(“^) 

We will no^ consider the cooling effect in C.H.U. 
(cf. p. 12) of an expansion of this mass df air from 200 atms. 
(absolute) to i atm. at*a temperature of^y C., assuming 
the temperature to be kept constant by external supply* or 
abstraction of heat. • 

Now for 15® C. and i atm. p^v^^ =^p2^2 1000 

• . 1000 X I *(1855 

- ” ” 

= 1025-3 
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U,=>PiVi-piVi 

= 1000 — io 2 y 3 ft.® atms. 

=■-25-3 X 1-511 C.H.U. • 

,= -38 23 C.H.U. 

is seen to be negative, consequently a heating effect wil 
be produced if the'external vvjork^ alone be considered. 




^ ^ ft. 3 atms. 

V1V2 


2307 


^ 10253 

. 200 


— 1000 




/ 


1025*3 X ^000 


ft. 3 atms. 


ft. 3 atms. =447*7 ft. 3 atms. 


200 

2307 X 994-87 
5126-5 
= 447*7 X 1*511 C.H.U. 

= 676*5 C.H.U. 

total cooling effect 676*5 — 38*2 C.H.U. 

=638*3 C.H.U. 

Since the specific heat at constant pressure of air at 15° C. 
is equivalent to 18*5 C.H.U./iooo ft.3/° C., this coohng is 
equivalent to a fall in temperature of — 

^38-3 c 


i 8-5 


^C.=34*5° C. 


This agrees suffiAently well with the values experi- 
mentally determined by Bradley and Hale (Phys. Review, 
29t (1909), 258), who, for a pressure drop f^om 204 atms. to 
I a1^. at 0® C., found a temperature fall of 44*6° C..; especially 
as their more favourable conditions would give a greater 
cooling effect to the extent of about 5® C. 

As the coinpression of 1000 ft.3 of air at 15® C. to 200 atms. 
requires in praSSfce a power expenditure of the order ol 
lo'^K.W.H. (cf. p. 39) ,1^* the cooling effect per K.W.H, 
power expenditure is 638*3/10 =^3*83 C.H.U. 


• I ft.* atm. s= 2*8690 X io‘* ergs. (cf. p. 36) 
^ I C.H.U. ■* 453*6 gram calories • 
“ 453*6 X 4*185 X 10^ ergs 
= 1*8985 X io»® ergs. 

.*. I ft.* atm. » 2*8690/1*8983 C.IftU. 

- i*5ii C.H.U. 



Expansion dtt ^loo® C. — We will iiext consider the effect 
of performing* the ab«ve isothermal expansion after a 
preliminary cooling of the compressed gas to, say, — 183® C., 
down to which temperature the pv values have been deter- 
mined by Witkowski {loc, cii.^ cf. Tab*le 2, p. 6). This is 
about the temperature fo which the ai:p is cooled before 
expansion in the simple type of machine such as the Hampson 
plant (cf. Bradley and Hale, Physical Review, 19 , (1904), 
391) ; the temperature does not fall below the critical 
temperature and, consequently, no liquefaction occurs 
before expansion. 

As Witkowski 's exi)eriments were not extended to 
pressures exceeding 130 atms., we will take the values at 
this pressure. 

Considering, as before, 1000 ft.^ of air at 15° C. and 
I atm. (in these calculations Witkowski’s values are multi- 
plied by 273/288, since p^v^ is tjken at 15® C.) 


for • 15° C. and i atm. PqVq = 1000 

-103-5° C*. .. I N />2J'»=>587'9 

-103-5° C. 130 „ />i«'i=- 377'4 

We have thus a very considerable deviation from per- 
fection, the gas being now more compressible than a perfect 
gas ; consequently will be positive. 

- Piv^ = 587-9 - 377-4 ft .3 atms. 

= 210-5 ft .3 atms. = 318-1 C.H.U. 




a{vi-Vi) ^ 




2307(^^-587-9) 

377-4 X 587-9 
130 


ft .3 atms. 


=?30?X585°|t..t,^ 

17067 

=3 791 ft .3 atms. = 1195 C.H.U. 
Total cooling effect, therefore. 


=3 ^195 + 318-1 C.H.U. = 1513 C.H.U. 

A similar calculation for the expansion of the same 
quantity of air from«i30*atms. to i atm. at a temperature 
A. 5 
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of 15® C.*givei^ a corresponding cooling effdtff of 470 C.H.U 
(H, =-^15-4 C.H.U. ; Hi = 454‘3 C.&U.) 

The cooling effect is thus found to be considerablj 
greater at the lower temperature. 

Turning to the actu^ practical operation of liquid aii 
plants^ it should te noted that the ^bove observed difference 
of 1513 —470 C.H.U. (= 1043 C.H.U.) is not usefully avail' 
able for the production of liquid air, since the additiona 
cooling effect is balanced exactly by the extra heat evolutior 
in the heat-interchanger of the incoming gaa; this prevent 
the temperature of the compressed gas arriving at the 
expansion valve from falling below about —100® C. The 
additional cooling is absorbed in lowering the temperature 
of the expanded gas to that at which the cold gas enters the 
interchanger, viz. the boiling point of air. It would onlj 
be available if the compressor were operated at the same 
temperature of —103° C. Consequently, the value of pv a1 
the. temperature of entry of the compressed gas intocthe 
intereiiaiigec, or, more strictly, the difference between the 
values of pv for the gases entering and leaving cthe inter- 
changer respectively, assuming the heat-interchange to be 
perfect, determines the amount of cooling produced. Since 
the heat-interchang^ is not perfect the heat required to heal 
up the exit gases to the inlet temperature must be deducted 
from the cooling effect. 

We shall see later the effect of a preliminary pre-cooliSi§ 
of the gas. ‘ 1 r 

*The heat evolution of the incoming compre^ed gas 
alluded to above, has the effect of making the temperature 
gradient between the two fluids in the fieat-interchangei 
increase as*the tenlperature falls. Obviously, the growinf 
imperfection oP the compressed g^ will be accompanied 
by an increase in the specific heat, the effect being verj 
marked near the critical temperjiture at high pressures.* 

,, The outcome of the above considerations is, that we gel 
fthe ^me pooling effect with a low temperature expansion 
accompanied by a considerable fall in temperature, > as 
^||ie example given above, in which a lemperature of 
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and isothermidt^ were assumed. Conseque,atly, ‘we may 
take the cooling eSect 4mder actual working conditions as 
being of the order of 638 C.H.U. for a working pressure of 
200 atmospheres. ^ ^ 

When liquefaction sets in the external work performed 
on the atmosphere by, the issuing air* diminishes. The 
decrease is compensated for, however, by the absorption 
of heat due to external work performed by the air which 
escapes liquefaction on the portion liquefied. 

We have alieady seen that the power expenditure is of 
the order of 10 K.W.H. per 1000 ft.^ of air compressed. 
Therefore, cooling effected by i K.W.H. (measured on the 
switchboard) = about 64 C.H.U., equivalent to the pro- 
duction of about 0*29 litre of liquid air. The above , 
estimate is, of course, based on the (incorrect) assumption 
that there are no thermal losses ; the efficiency falls off in 
proportion to the extent of sujh leakages. 

Before leaving the subject it will be worth while t# examine 
the case of hydiogen, wj^ch, as stated abcve,^ gives a 
heating eSect at the ordinary temperature. 

The case of Hydrogen.— Tzkmg 1000 ft. 3 of hydrogen at 
15® C. and I atm. and, after compression to 200 atms. 
(absolute), expanding to i atm., we hav^ 


TT x X * 1000 ^ , i. 

H, —p%V2 —p\Vx = 1000 i"o^~ 

= 1000 — ii 3 ^^ft .3 atms. • 

= — I3f ft.3 atms. = — 202 C.H.U. • 

*— ' 27 * / IQOO X 3i*95 \^ taking p^ as equal 
^ 64 X Ji’O \ 288 / to 11*0 atms. 


= 472 

472^^^^ — 1000) 

H - 

* 1134 jX 

200 


ft. 3 atms. 


= 84-8 ft.8 atms. = 125 C.H.U. 
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ICh^eforfe total cooling effect 

= - 202 + 125 C.H.U. = - 77 C.H.U. 


Heating effect per atm. pressure drop = -5 — — — — ® C. 

\ ® ♦ « 10*20 X 199 

(since specific heat = 18*20 C.H.U./iooo ft. 3 /°C.) 

= 0*0213® C. 

The value determined experimentally by Joule and 
Thomson was 0*03° C. for 6*8® C. and pressures near atmo- 
q)heric ; if the above calculation be repeated for 20 atms. 
the value obtained is 0*018, not greatly different since the 
pv curve is practically a straight line between i and 200 atms. 

As the temperature is lowered, H, decreases and 
increases owing to the growing imperfection of the gas, 
with the consequence that at —80*5® C. an inversion point 
is reached ; below this temperature a cooling effect sets 
in, but is not very marked until the temperature is lowered 
to the neighbourhood of —coo® C. It is found necessary 
to'^e-€j?ol to this temperature before the liquefactiofi of 
hyi’ogen can be effected by /the Joufe-Thomson effect. 
The beneficial influence of pre-cooling will be*’disAissed 
under the Linde process of air liquefaction. 

The final improYement in the liquefaction of permanent 
gases was suggested by Siemens, while its technical develop- 
ment is due to Claude, who c?v*ercame the difficulties of 
employing expansion accompanied by the performance of 
external work. ,With this system of working it is important 
* not to allow the temperature to fall* fcelow* about —140® C., 
as the increase in the specific heat, in conjunction with the 
diminished amount of external work which tjie gas is capable 


of performing at Iqwer temperatures owing to its rapidly 
increasing compressibility, leads to low efficiencies. A 
mrnre detedled account will now be given of the principal 
, systems of making liquirf air. » 

As regards patents relating to this sulyect, the number 
s so great and the differences in many cases so involved 
^ibat^it is ifnpossible in the present volume to do more than 
, a resume of the salienf features ^of those which have 
^lllstpied commercial importance. 
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MXnotacture op Liquid An; 

Usiful Constants 

Weight of 1000 ft .3 of air at 15® C. and i atm. pressure 
= 76*49 lbs. • • 

Weight of I litre of hquid air = about^i kilo. 

Volume of i litre of liquid air when vaporized = about 
28 ft .3 at 15® C. and i atm. 

Heat units which must be abstracted for the production 
of I litre of hquid air from atmospheric air = about 
220 C.H.U. 

Hampson System 

The Hampson system is a convenient one for laboratory 
use, being usually supphed in 5 K.W. sets which furnish 
about I litre of liquid air per hour, equivalent to the ab- 
straction of about 44 C.H.U./K.W.H. Although somewhat 
inefficient, it possesses an important advantage for such 
experimental purposes in its simpHcity. Air is compre^^sed 
to 175-200 atmospheres, ^being first freed ffom carbon 
dioxide by passage over a series of trays filled with lime. 
After depositing the lubrication water in a separator, the 
gases are freed from residual traces of carbon dioxide and 
water vapour in a purifier, consisting* of a steel cylinder 
charged with sticks of caujftic potash, an^ are then allowed 
to expand at a fine adjustment valve, finally flowmg 
through a heat-interchanger back to the compressor. 

Some 5 % of J:he c6tnpressed air is hqueted at each cycle 
when the apparatus has once become thoroughly cooled 
down. Complete removal of the carbon dioxide and water 
vapour is important, as otherwise blockages may occur in 
the liquefier. Working for ^bout 10 miputes is sufficient 
for the production of liquid air to commence. • 

The apparatus, as ms^ide up b^the British Oxygen 
is shown in Fig. 6. Th^ compressed air entering at A 
traverses the heat-interchanger coils B, and undergoes 
Mansion at \he valve C, which is adjusted by the }ja^ 
wh6el E. After expansion, tie air passes over the coils, its 
P||h,beu3g deteniiine& by baffles, to the outlet F. The feve| 
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t)f the Hqfuid iji the receiver, which holds ^cfaie lOO c.c., is 
indicated by the glycerol gauge H ; the liquid air is periodically 
withdrawn by the valve T. A thick layer of lagging, e.g, 
sheeps’ wool, is disposed around the central portion. 


/r\i 



, » Linde System 

The Linde system (cf. 
B.P. 14111/02) is perhaps 
the s\'stem most commonly 
used in large scale practice. 
It differs from the simple 
Hampson process, quite 
apart from constructional 
details. In the first place, 
instead of expanding the 
air from 200 atms. to i 
atm., Linde expands only 
from 200 atms. to about 
^50 atms. We will ex- 
amine the diminution in 
the cooling effect as com- 



Fig. 6. — Hampson Liquefier (British Oxygen Co.). 

pared with the decrease in th^ power expenditure. 

We have seen that with an expailsion from 200 atms. 
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(absolute) to i atlu., the cooling is of the order of 638 C.H.U.. 
for the eicpanSon of looip ft.® of air measurecf at 15° C. and 
I atm. In the present case — 


piV\ = 1025*3 at 200 atm^ ^nd 15° C. 
p^V2 =* 983*3 at 50 atms. and 15° C. 

• Therefore H, = (^>2^2) 15 *•- * 

= 983*3 — 1025*3 atms. 

= — 42 ft.® atms. = —63*5 C.H.U. 

V1V2 


- 2307 ( 


- 1025-3 983'3\ 




1025-3 X 983-3 


200 X 50 

^2J^7.X 14*542 x10,000 
1025*3 X 983*3 

= 3327 ft.® atdiLS. = 5027 C.H.U. 


Total cooling effect = 5027^— 63*5 C.H.U. 

= 439*2 C.H.U. 

The ratio of the above cooling to that obtained with the 
full expansion to i atm. =439/638 =^1/1*45. The power 
expenditure will also be lower, as follows. 

Assuming the compresSion to be ^digbatic, the power 
varies as— 


0*29 



(cf. p. 38). In .the present case we have: (i) single stage 
’ compression of |\,th of the air from i, to 50 atms. (since 
about -j^^th of the air is* liquefied in each -ry cle) ; (2) single 
stage compression of the whole of the air from 50 to 200* a^s. 
(absolute). • *• 

In the straightforward case we have compression of the 
whole of the §ur from i to 200 atms. (absolute) in, say, two 
stipes (in large installations three-stage compressors are 
usually employed). 
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The latio (jf the power expeadituies wilPte— 

-rr-i+er-'r o. 


0*89 


_ o-i X 2-11 +0*495 
~ 2 X 1156 


3*28 

Consequently, the ratio of output to power expenditure is 
increased by the Linde system of working iq the proportion 
of 3*28/1 *45 = 2*26/1. 

Effect of Pre-cooling. — Another improvement intro- 
duced by Linde consisted in the pre-cooling of the gas fed into 
the interchanger to, say, — 35® C., bj^ means of an ammonia 
refrigeration system. As referred to above, the enhanced 
cooling effect produced by effecting the expansion at low 
temperatures is counteracted by the fact that the compressed 
gas arrives at the expansioi valve at a temperature con- 
^derabl3»»^^ve that of the cold gas entering the heat- 
interchanger. In other wor^, 6 xe thermal capacity of the 
impressed gas over the temperature range in question 
is much greater than that of the same volume of expanded 
gas. When liquefaetion is in progress the cold air enters 
the regenerator at a ffxed tenjperature, viz. that of the 
boiling liquid airT consequently the temperature at which 
the compressed gas reaches the expansion valve will be 
determined by the temperature at# which it enters the 
interchanger, as well as by the degree of perfection of the 
interchanger. ' ® 

If, therefore, the incoming compressed*air, after beii^ 
dightly cooled by the interchanger, be diverted therefrom, 
cooled to, say, -^Jo® C., by means df an ammonia or other 
tystem, and subsequently returned to the interchanger, 
tte temperature of the gas arriving at the expansion valve 
adU be lowered by an amount correspon ding to the heat 
units abstr^c^ by the auxiliary cooling plant. In con- 
^uence, an increased yield pf liquid air will result. The 
procedure may be seen by referente to Fig. 7. 
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Fio. 7v— Unde 
System. 


- It should be pointed out that the re- 
frigeration eifected by an ammonia system 
is much more economical than that pro- 
duced by the J oule-Thomson effect,^ 
although, of course, the practical lower ' 
limit is in the neighbourhood of —35*^ C. ; 
at this temperature the cooling effected is 
of the order o 4 1000-2000 C.H.U./K.W.H., 
as compared with 6o~i8o C.H.I^/K.W.H. 
l?y the J oule-Thomson effect. *As a result 
of the pre-cooling the efficiency of the 
process is raised by some 30 per cent. 

The combined eff^t of these two 
modifications is approximately to treble 
the production of hqtiid^air per K.W.H., 
this being equivalent to about 0*87 
litresJK.W.H., taking the previously calcu- ^ 
•lated value of 0 29 litres/K.W.H. for the 
single cycle and neglecting thermal leakage, 

, etc. In actual practice, O’bs litres/K.W.H. 
is about the production. 

Littde machines on the above lines are 
made in different.sizes, from the laboratory 
type with a production of some 075 litre/hr. 
upwards. In large plants three-stage 
compressors are used and the compressed 
air, alter separation of the lubrication 
watsr, is^ompletdy dried by cooling with ^ 
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an amnionia refrigeration system to aboitt^— 25® C., usbg 
duplicate cooling systems, which are periodicdly changed 
over' (three or more times weekly) in order to allow the 
deposited ice to thaw out. Before compression, the carbon 
dioxide is removed by means of towers fed with caustic 
soda solution. Traces of carbon dioxide are usually formed 
during the compression by the action of the air, heated* 
by the adiabatic compression, on the packings of the pump. 

The diagrammatic representation, Fig. 7, indicates the 
course of the compressed air. Passing from the compressor 
A, through the water separator B, and the preliminary heat- 
interchanger C, to one or other of the ammonia coolers D 
and the dry gas enters the liquefier through the triple 
heat-interchanger E. (The actual interchanger consists of 
concentric spiral tubes.) 

Arrivii^ at the valve F, expansion to about 50 atmo- 
spheres takes place, the gas being returned to the last stage 
of the qpmpressor. The air liquefied in the separator G, 
under a^pr^ssure of 50 atms., is allowed tci expand to ordinary 
pressure through the valve H, suffering thereby partial 
evaporation ; the gaseous fraction returns to the inlet of 
the compressor through the interchanger E. Liquid air 
is drawn off from the vessel I. The smaller sizes of plant, 
up to about 3 litres/hr, capacity, are fitted with two-stage 
compressors, in which case the expansion is from 200 atms. 
to about 20 atms. 

The outputs’ and efficiencies of. various sizes of plants 
are indicated in the following table : — ^ 


TABLE 16. 

Lindb Liquid Air Plants. 


{ 

Litres of liquid air per hour with 
pre^cooling 

i 

* 1 
075 

( 

5 

i 

1 20 1 

50 

100 

LiCres of liquid air per hour 




out pre-coohng 

! — 

— 

125 

35 

70 

Power K.W. (measured on the 

1 


switchboard) . . 

2-6 i 

14-2 i 

39 

78 

142 

Litres/K.W.H. with pre-cooling 

029 

0*35 

0 - 51 ^ 

0*32 

0*64 

070 

Litres/K.W.fl. without pre-cool- 
ing 



0*45 

0*49 

Cooling water, gallons/hour 

llJ 

308 1 

835 

1760 

3300 
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Claude System 

The Claude system, as above indicated, depends on the 
cooling effect produced by expansion accompanied by 
external work, together jvith that due tc/ internal work, 
*the latter being, however, small compared with the former. 
Usually the working pressure does not exceed 40 atmo- 
spheres. The useful temperature limit which is reached by 
such expansion cf compressed air in an engine cylinder is 
about —140° C., and much of the initial difficulty in the 
working out of the process was due to this fact. 

On accoimt of the rapidly increasing imperfection of 
the air at this temperature in the direction of greater 
compressibility, expansion at a lower temperature is accom- 
panied by relatively Httle work, the cooling effect produced 
by which may be balanced by the friction of the machine. 
This;temperature is, however, about the critical temperature 
of air (T^, = — I40°*C. ; Pc = 39 atms.) ; conseq^^tly, by 
using ^he expanded gas to cool a receptacle supplied at 
40 atms. pressure with air which has been pre-cooled in a 
temperature-interchanger, liquefaction of the high pressure 
air ensues (B.P. 27658/02). On releasd to the ordinary 
pressure, partial evaporation occurs and the temperature 
falls to —190° C. By adjusting the teig"lit of the liquid 
in the liquefier-temperature-interchanger, and consequently 
the rate of hquefaction* the air arrives atf the expansion ' 
engine at^ temperature of about —100° C. 

Considerable trouble was at first experienced in the 
lubrication of the* expansion cylinder, ordinary petrol being 
employed; but recently it has been found that suitably 
treated leathers can be u^d without any lubrication. • 

By the Claude system, an output of about 075 litre hi 
liquid air per K.W.H. (measured on the switchboard) is 
claimed. The general method of working may be explained 
further by reference to the diagrammatic representation, 
F^. 8. Compressed air, at* about 40 atms. pressure, enters 
through the heat-intfirchanger M, and suffers expansfbn 
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in the cylinder D, the engine beir« coupl&f either mechani- 
cally or electrically, to the compressor. The cold expanded 
gas^ pass round the tubes of the second inter charter L, 
and cause the liquefaction of the compressed air supplied 
to the inside of the tubes, and finally leave throt^h the 
interchanger M.'* The liquid collects in the header at^^ 
the bottom of the tubes and is ^awn off in accordance with 
the temperature of the gas arriving at the expansion engine. 



(Claude’s “ Liquid Air, Orygen and Nitrogen.") 

c • 

A modification of this plan consists in effecting the 
expansion in t^o stages ; in the fifit, the pre-cooled air is 
e^anded in the cylinder, 35 (Fig, 9),. so as to produce a 
temperature, e.g. -160° C., well below the critical tempera- 
ture. After producing the liquefaction df the compressed 
air in the tempersfture-interchai^er, 24, 26, being warmed 
to from —130° to —140® C. in the process, the air undergoes 
a further expansion in 3ft, and in turn serves to liquefy the 
air in a second interchanger, 25, 27. 

' To avoid leaks of the very cold air, the two cylinders 
ijire arranged in tandem, only the low pressure cylindn 
liaving a stuffing box. It i^ claimed that a production oi , 
b‘9*litre/K.W.H. (measured on the switchboard) is attaffie^ '* 

wJJa nwideratdv lame nlant. 
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The low wofking pressure and the rapidity in starting 
up of the Claude plant* are both in its favour, and the 
general tendency of late years has been to instal Claude 



Fig. % — Claude Liquefaction System. 

rather* than Linde plants. The following table gives 
particulars of a few sizes of Claude plants : — 

TABLE 17. 


Claude LiqAd Air Planjs. ^ 


Production, litres/hr 

5 

50 

65 

Power (measured on the swit^board) K.W.H.* 
Litres of liquid air pe»K.W.H. 

t • 

0*36 

56 

0*89 

70 

093 


With referencf to the possible effect of accumulations 
of solid argon, methane or acetylene in^causing explosions 
in liquid air plants, cf. Bramkamp (/. Soc. Chem. Ind,, 
(1914), 240). ^ * 

Properties of Liquid Air. — ^LiqYiid air is a mobile liquid 
with a pale blue colour, varyiug in intensity according to 

* According to Mewes {Z.fuf Sauerstojf und Stichsioff IndustfU, 5 , (19x3), 
the power l^res given by Linde are the gross '^ues re&d off on*the 
mtchboard, while Claude's figves apjjily to the power on the compressor 
*baft Claude's figures hasre therefore been increased by 25 per c«it., 
80 per cent, efficiency in the motor. 
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the oxygen content. Its density is atAtft i-o and the 
boiling point varies from —183° t(f —196° C., according to 
composition (cf. p. 80). 

Freshly liquefied ^ air usually contains considerably 
more than 21 % of ox\^gen, c.g. 50-60 % ; on standing, 
the oxygen confcnt increases. The specific heat is about 
0‘5, while the latent heat of vaporization is about 50 calories 
per gram (i.c. per c.c.) = 50 C.H.U./lb. On cooling liquid 
air, nitrogen sejiarates out at about —213° C. in a compara- 
tively pure state ; the oxygen does not 'solidify until a 
tenqierature of —225° C. is reached. 

Liquid air has feeble magnetic pro]jerties on accoimt of 
its oxygen content. Its refractive index (/ip) is i‘2o62. 
On mixing equivalent quantities of liquid nitrogen and 
oxygen, a contraction of about J % is observed, accompanied 
by a temperature rise of about o C. 

Applications of Liquid Air.— The jirincipal application 
of liquid air is in the manufacture of oxygen and nitrogen 
by fraefirrnation. At the time of its fii'st discovery, many 
fantastical claims were made for its ap])lication ls a source 
of power, etc., but apart from the above, no very extensive 
use has been made of liquid air. A considerable advance 
in the possibility of the industrial use is due to the perfection 
of the metal vacuum vessel. Liquid air can be purchased 
(at about 5s. per gallon) in metal vessels holding up to 
about five gallons. These vessels are on the lines of the glass 
Dewar vessel, being furnished witlf 'a ch^ircoal tube cooled 
by the liquid air, for the purpose of effecting the, complete 
exhaustion of the jacket. For a discussion of certain 
explosions originating from the accidental breaking of 
liquid air vessels and the consequent contact of the contents 
with the cliarcoal, cf. Wohler, Chem. Zeit., Oct. 5, 1918. 
Liability to exjDlode under these conditions is considered to 
depend on the presence of catalysts, such as iron oxide, in a 
highly absorptive charcoal. 

. Liquid air of about 60 % oxygen content* is used in mine 
rescue apparatus, some five htres of liquid air being contained, 
alAorbed in asbestos wool, in a vessel with only moderate 
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thermal insulation (kieselguhr) ; a slow evaporation* results 
which supplies a stream bf air to the breathing apparatus. 
The advantages over the similar apparatus employing 
compressed oxygen, are the compa/ativc lightness (the 
weight is about 30 lbs.), length of action, ^nd the greater 
(ease of manufacture of liquid ajr, as compared with com- 
pressed oxygen, at the pit head. 

Numerous proposals have been made with regard to 
the use of liquid air in conjunction with carbonaceous 
matter or alumihium as an explosive. The usual method 
of application is to employ a cardboard cartridge with a 
perforated inner tube ; a mixture of kieselguhr and oil. or 
soot, etc., is inserted, the cartridge placed in the bore-liole 
and liquid air injected, after which the charge is tired 
electrically. This method was used in cutting the vSim])lon 
Tunnel. The chief advantages claimed are the absence of 
fumes and the lack of danger in c?^ of a misfire, as the charge 
rapidly becomes innocuous. On the other hand, the necessity 
for firing very rapidly after charging and the dilliculty of 
transpertation and storage of the liquid air are against its 
general application. 

Separation of the Constituents of Liquid Air- 
Theoretical Considerations.— As has already lx?en pointed 
out, the principal application of liquid^ air is in the pro- 
duction of ox^’gen and nitrogen. 

The separation of the constituents of liquid air by 
fractionation was propotfhded by Parkinson m B.P. 4411/92, 
but was first realized by Dewar. 

To glance first at the theoretical side of the question, 
we are indebted 'to the work of Linde^ and to the more 
complete investigation of Baly {Phil. Mag., 49 , (1900), 517), 
for the relation between the liquid and gaseous phas& of 
nitrogen-oxygen mixtures, fig. 10. 

The curves indicate that starting with liquid air of 
21 % oxygen content, the percentage of oxj'gen in the first 
fraction is about 7 %, .rising as evaporation proceeds. It 
will .be noticed that th|fe is no mixture of maximum j>r 
miniiniim boiUng point, and that, consequently, application 
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of ordinary fractionation column principle should result 
in elective separation as far as oxygen is concerned ; it is, 
however, impossible by simple fractionation to reduce the 
oxygen content of the c'litrogen fraction to below 7 %. It will 
be seen later that this can be accomplished by special means. 



As regards the minimum energy involved in the separation, 
it was indicated by Parkinson in the above patent that 
recuperation of the cold would be desirable, in which case 
only the losses in Ihe heat-interchanger are involved, apart 
from the energy required f6r the actual separation of the 
gases, a factor liable to^be overlooked. This latter quantity 
conesponds to the isothermal compression of the nitrogen 
to 079 of its original volume and of the oxygen to 0’2l of its 
volume, i.e, in each case — 

I V' iog. ^ P- 38) 


At& !i 

Taking for example, looo ft.* of air at 15® C# and \ atm., 
the work involved is— • 

1000 X 079 X 2*3026 X log — 

. 079 

+ 1000 X 0*21 X 2*3026 X log — ^ ft.* atms. 

= 514*0 ft *3 atms. H.P.H. 

9363 

5=0*549 H.P.H. per 1000 ft* of air. 

Thus each 1000 ft.* of oxygen demands a minimum 
energy expenditure of— 

H.P.H. =2-6 i H.P.H. 

0*21 

As will be seen below, a considerably greater energy 
expenditure is demanded in practice. Jn order to effect 
the condensation of air by means of a bath of liquid air 
boiliyg tmder atmospheric pressure, a certain compression 
is required, increasing as the nitrc^en boils off ^riom the 
liquid, bath. In practice, a compression of from 3 to 5 
atmospheres is used. As regards losses in the heat-inter- 
changers, we may take the efficiency as being of the order 

of 95%* 

We will now pass to the consideration* of the different 
systems for the separation. 

•• * 

Manufacture of Oxygen and Nitrogen 

Linde System 

The principle of rectification was first ^applied technically 
by Linde in 1895 (cf. B.P. 12558/95), but the main features 
of the Linde plants, except the most recent, are to be fdund 
in B.P.S 14111/02 and ii22x/o3. Siifoe the production of pure 
nitrpgen toge^er with impure oxygen requires a somewhat 
different procedure from that of the production of pure oxygen 
together with impure nitrogen, subtly different# types of^ 

* Acooiding to Claude, one^itre d! liquid air is evaj^orated in yw 
hieHnnstiQn ci the air coiresDOoding to 30 litres of liquid air. 
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apparatus araused for the two purposes. It t^sually happens, 
unfortunately, that there are not adequate demands for both 
oxygen and nitrogen in large quantities in a given locality. 

Oxygen Plants.-iThe operation of the plant consists of 
two stages ; (i) cooling down the air and producing a 
sufficient quantity of liqui4 air ; r (2) fractionation of such 
liquid air with sufficient replacement to compensate for 
thermal leakages. Air, at a pressure of about 135 atms., 
passes through three small tubes in the heat-interchanger, 
consisting of the copper tube C (Fig. ii, d: Engineering, 99 , 
(1915), 155) containing the smaller copper tubes, in counter- 
current to the outgoing gases. After traversing the cods 
di, expansion occurs at the valve G, the cooled expanded 
gases being discharged through a rose-6nded pipe, d2. As 
cumulative cooling takes place, liquefaction ensues and 
liquid flows down the column A, and collects in the chamber 
B. Presently liquefaction occurs in the coils di themselves 
and the pressure of the incoming compressed air is reduced 
by gradually opening G. A steady stieam of liquid now 
falls down the column A, being derived, for the gieater part, 
at the expense of the partial evaporation of the accumulation 
in the chamber B. This stream of liquid meets the counter- 
current of gas from the chamber B, and mutual fractionation 
results. * 

As the liquid progresses down the column the tempera- 
ture gradually rises and the oxygen content continu^y 
' increases ; consequently, the liquid ‘nreadpng the bottom is 
practically pure oxygen, while the ascending gaa loses oxygen 
until its oxygen content is equal to that in equilibrium with 
liquid air containing 21 % ox>^gen, viz. 7 %. This means 
^ that some 28 % of the total o;5cygen goes off with the nitrc^en. 

. Wheh a steady state is established the working pressure is 
aWt 50-60 atmosphere^, and th^^ gases leave at a pressure 
pi about 5 lbs./in.2 sufficient to overcome the resistance 
of the heat-interchangers. 

' ’ The oxygen leaves the apparatus at ^2 • As in all similar 
apparatus, the preliminary purification of the air from^ 
|watcr and carbon dioxide is very important. The wat^: 
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is often remov^a 03^ pre-cooling the air with* an ahimonia 
plant, using duplicate cdblers which are changed over Jhree 
or more times weekly ; this procedure has the further 
advantage of increasing the efficknc}*. The separator 



Fig. II. — Linde Oxygen Plai>1^(Engine«n«g). 


itself runs for about a week before blockage occurs ; it is 
usually advisable to duplicate the separator in such plants. 
Instead of producing the liquid air in the separator itself, 
^e latter may be fed* with liquid air produced in nn 
independent plant. 
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The ‘Lindt patent rights for the United Kingdom were 
acqi^red in 1906 by the British Oxygen Co., which now pro- 
duces most of the oxygen used in this country by the Linde 
process. According tp Murray, a usual size of plant is one 
absorbing 100 ^.H.P. and producing about 1650 ft.* of 
oxygen per hour (i.e. 60 per 1000 ft.* oxygen, 

or, say, 53 K.W.H. if the efficiency of the motor = 85 %). 

The following table gives particulars of various sizes of 
Linde plants as regards power expenditure, etc : — 


TABLE 18. 

Linde Oxygen Plants. 


Oxygen production, 
ft.* per hour 

35 

70 

175! 

350 j 

700 

1,7503,500 

1 

17.500 

35.00c 

Power (measured on 
the switchboard), 
K.W 

45 

7*5 

f 

15 

26 

41 

75 

138 

260 

600 

,1.120 

K.W.H./iooo ft.* of 
oxygen 

129 

107 

86 

74 

59 

43 ' 

' 39 

37 

34 

32 

Cooling water, gal- 
lons per hour . . 

55 

„0 

220 

350 

530 

880 

1.540 

2,860 

6 , 4 c 1 o 

11,90c 


Nitrogen Plants.— The Linde nitrogen rectifier is very 
similar in general arrangement to that just described foi 
oxygen production, and is shown in Fig. 12 (cf. Engineering 
99 , (1913), 156). Two gas supplies are used : (i) air at ar 
initial pressure of about 135 atms. lb produce and maintair 
the charge of liquid gir ; (2) air at <i pressuret,of abou1 
60 Ibs./in.*. Pre-cooling may be used with advantage, anc 
direct addition of liquid air may be sdbstituted for (i) 
The liquid air resulting from (i) is fed to the top of th( 
column while the low pressure air is led through coils in B 
is there liquefied and then released through the valve G tc 
the central portion of the column. In the column, as before 
rectification takes place down to an oxygen content of 7 % 
in which estate of purity the nitrogen leaves the separatoi 
through the pipe C. The high pressure compressor is then fe^ 
with part of this effluent, with the result that the liquid at th( 
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top of the coluj^ contains only 7 % oxygen and caft conse- 
quently reduce the oxygen content of the ascending g^ to 
about 2 % . In this way a cumulative rectification is produced 
and eventually the gas issuing at C is practically pure nitrogen. 



Fig. 12. — ^Linde Nitrogen Plant. 


The purity of the oxygen fraction is often not very high. 
The power expenditure is about 14 2 H.P.H. per 1000 ft.* 
of nitrogen, according to Murray, equivalent to iztf K.W.H. . 
per 1000 ft.* if efficiency of Aotop = 85 %. One of the largest 
pknts in operation before the war was that at the Cyanamide 
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Works ftt Odda, capable of producing 13,000^ ft.3 (0*43 ton) 
of nitrogen per hour. 

The following table gives particulars of various sizes of 
Wnde nitrogen plants ^ — 


TABLE 19. 

Linde NiAoceJn J’lants. 


Nitrogen pro- 
duction, ft * 
per hr. 

Power (mea- 
sured on the 
switchboard). 
K.W. 

K.W.H./iooo 
ft.* nitrogen 
Cooling water. 
Gallons per 

hr. . . . . 












210 

425 

1,060 

2,100 

4.250 

1 0,600 

21,000 

^2,500 

106,000 

1 

j 

210,000 

1 

4 5 

9 

22 

39 

60 

1 12 

205 

373 

820 

1,490 

21-4 

21*2 

207 

l8-0 

I 4 X 

10-6 

(j8 

8-8 i 

775 

71 

165 

198 

330 

570 

880 

1,650 

2,820 

4,400 

8,360 

16,500 


New Linde System.— According to later Linde patents 
(D.R.P. 2»38 i4/o 6) rectification is pushed* further by effecting 
a preliminary fractionation under about 4 atms. pressure, 
and thus obtaining a supply of liquid approximating to 
pure nitr<^en for the final fractionation. Thus, column b 
(Fig. 13) is fed witH air at about 4 atms. pressure at a. The 
oxygen-rich Uquid collecting at. the bottom of this column 
« taken to the vessel c at the top, the pressure being broken 
doTO to atmospheric at the valve g. As the gas the 
' c<^ c IS under & pressure of 4 atmsns complete liquefaction 
will ensue, tiie first condensate being thus of 21 % oxygen 
content. Since the gas in equilibrium with liquid of this 
composition at 4 atms. contains about Io% oxygen, the 
oxygen content of* the liquid condensing in c will fall off 
and eventually almost pure nitrogen will result. A portion 
of the crude nitrogen farm the top of 6 is led to the spiral 
a ^ersed in the tank A at the bottom of the low pressure 
, mumn k and containing almost pure oxygen. Here 
liquefacticip occurs, the liquid being led via the valve * 

• where the pressure is released, to the top of the column k . 
|hi 'which further rectification results. The oxygen-rteh ^ - 
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liquid from /is*vIiporized in e, tlie vapours being le;^ to the" 
lower part of* k. Pura nitrogen and oxygen leave the 
apparatus at n and m respectively. According to MSrtin, 
when worked specially for oxygen some 85-90 % of the 
oxj^gen is obtained as such. The energy consumption is 

about 37 K.W.H. per 1000 ft.^ of oxygen.' Similarly it is 

* • • 



Fig. 13. — New Linde Systeii. 


possible to produce nitrogen of about 997 % purity witii 
an energy expenditure of about 11^3 K.W.H. per 1000 ft.® 
of nitrogen. 

Claude System 

In the Qaude systeit the problem of feeding the 
fractionatii^ column with a liquid poorer in oxygen than 
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"'that cofrespopding to orcfinary air is attacked by effecting 
a preliminary rectification, employing what the inventor 
tenrib the backward return,” equivalent to a reflux con- 
denser arrangement ^B.P.s 16298/03, 26435/05, 17216/09, 
etc.). Thus, air at a pressure of about 40 atms. enters the 
apparatus through the heat-interchangers B and (Big. 14), 
undergoing partial liquefaction in B by heat-interchange 
with the cold gases leaving at the top of M. The residual 
air enters the rectification apparatus at A and undergoes 
partial liquefaction in passing up the tubes B, cooled ex- 
ternally by liquid air. Further liquefaction occurs in the 
downward path with the production of a nitrogen-rich 
fraction in while an oxygen-rich fraction collects in A. 
These two fractions are fed into the column at different 
levels, as in other systems. 

The low temperature of the nitrogen issuing at G is 
utilized for a preliminary liquefaction of the incoming air 
at It, as explained above, while thermal leakage intevthe 
system is made good by expansion, with performance of 
external work, of part of the incoming air in the oylinder 0. 
When admitted to the tubes B, the air is at a pressure of 
about 5 atms., suffering release to atmospheric pressure atR 
and R* respectively. Biquid air from an independent source 
may be used to charge the apparatus, or, in the latest types, 
the necessary chhrgi is produced by the expansion device. 
The pressure at X ranges from about 40 atms., when fillin g 
f up with liquid “air, to a lower vakie in normal running, 
varying according to the size of the installation, a;id being 
as low as 18 atms. for large plants. The nitrogen obtained 
in this way contains in practice about 3 % oxygen. Nitrogen 
of a purity of 99*5*% upwards can, however, be obtained 
(B.Pm 7175/10) by preventing the liquid dropping into the 
, chamber surrounding thp* tubes B from miying immediately 
with the main liquid therein, by disposing a separate tray 
; .round the upper part of the tubes B. Thus, the entering 
^ ■ liquid, at ^ lower temperature than the main bulk of liquid 
because of lower oxygen content, is utilized to lower the 
j|;ox3Fgen content of the gaseous nitrogen. There are a|, 





Fig. 14. — Claude Fractionation System. 




TABLE 20. 

c 

Claude Oxygen Plants. 


Oxvfifen production, ft.* per^bour 

1,750 

3.500 

Power (measured tbc switchboard). 

K.W. .. ! 

56 ' 

78 

K.W.H./1000 ft.* of oxygen . . 

' 32 

22 


Pictet System 

The Pictet system for oxygen and nitrogen (B.P.s 
2y46jiio and gjsyjij; cf. Maxted, J. Soc. Chem. Ind., 
(1917), 778), which is claimed to be very economical of 
power by reason of employing only an approximation to the 
minimum theoretical pressure for liquefaction, operates as 
follows. Cooled air, at practically atmospheric pressure, 
is led into the middle of a .fractionating column (Fig. 15). 
A series of coils is arranged, in a number of separate systems, 
on the plates of the column and is suppli^ with compressed 
gas drawn by the pump f from the top of the column at 
which point the pressure is released from all the coils. Some 
liquid air being first placed in the column, liquefaction 
occurs in the coils and presently the gas leaving at the top 
will contain 7 % ^oxygen. On liquefaction this will exert a 
further refining action on the ascending air and pure nitrogen 
will issue at the top of the column. The liquid collecting 
' at the bottom of the column is practically pmre oxygen. 

In order to avoid thp employment of^more pressure than 
is necessary for the liquefaction and, further, to ensure 
uniform fractionation along the length of ‘'the column, the 
coils, as mentioned above, are divided into sections ; the 
air is ‘admitted at the bottom at a pressure of about 5 atms., 
while the uppermost section is fed with air only slightly 
above atmospheric pressure in accordance with the tempera- 
■ ture gradient in the fractionation column, the pressure in 
case . being just sufficient to produce liquefaction of 
i'lthe nitrogen. The usual heat-interchangers are employed 
^^Jthe losses are made good by the liquefaction of part of the 



issuing nitrogefl by means of expansion with Ijie production 
of external work. 

A plant on this system, with a capacity of 14,000 of 



Fig. 15. — Pictet Sj%tem. 


nitrogen and 3500 ft.s of oxygen per hour, has been insfallgd 
at the works of Gas Devdopments, Ltd., Walsall, 

Among other systems*)! importance may be dted the 
Hildebrandt system, which, in general orindnle. does hot- 
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diffcT'gj^atly from the Linde system. A Hiidebrandt plant 
producing 350 ft.® of oxygen per hotli absorbs about 27 K.W. 
in power. 

Separation of thCcRare Gases.— In the ordinary opera- 
tion of liquid ia’r fractionation plants, the rare gases divide 
themselves between the oxygen and nitrogen according to 
their boiling points. Thus, the ‘oxygen fraction contains a 
higher concentration of argon than the nitrogen fraction, 
while the nitrogen fraction is richer in neon and helium. 
By means of suitable additional fractionaticn arrangements 
it is possible to separate the rare gases individually in a 
state of much greater concentration, and some account of 
such methods will be found under the rare gases. 
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Section II.— 

Properties of Oxygen.— Ojcyg^n is a colourless, odourless 
and tasteless gas, of which the chief physical properties 
will be found in Table 12, pp. 53 - 55 - 

According to Holborn and Austin iloc. cit., p. 58) 
the mean specific heat varies with temperature as 
follows : — 


Temperature ® C. 

Cp 

20—440 

0*2240 

20—630 

0*2300 


Its solubility in water is expressed by the following table : — 

Temperature j o | lo | 15 j ao | 40 

• • 

C.c. of gas (measured at N.T.P.) 
dissolved by i c.c. of water 
under a pressure of i atm., ex- 
clusive of water vapour. 

'■ • 

Liquid oxygen is extremely mobile with a faint blue 
colbur, and the density of the vapour agrees with the formula 
O2 at — 182° C. yhe liquid is a non-conductor of electricity, 
but is stiongly magnetic. Its refractive index (ja^) is 1-2236 
and its specific heat 0*347. 1^ ^ *iot easy to obtain pure 
liquid ox>^gen by*the fractionation of liquid air, as the argon 
tends to accumulate in the oxygen fraction. 

Oxygen, being the active constituent of air as regards 
combustion, supports combustion Vith great vigour, thife, 
iron wire will bum freely in oxygen when once started. 
Oxygen is readily converted into ozone by the action of the 
silent discharge. Molten* silver absorbs some ten times its 
volume of oxygen, the gis being mostly disengaged on 
solidification. 


0049 0038 0034 0031 0023 
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Manufacture of Oxygen 

t 

General. — The manufacture of oxygen has attracted the 
attention of many inventors and various methods have been 
suggested, of the earhest patents is that of White 
(B.P. 12536/49), relating to^the^use of nitre. In the early 
days of the limeUght lantern the oxygen was mainly produced 
by the classical method of heating a mixture of potassium 
chlorate and manganese dioxide, while the use of manganese 
dioxide, either alone or with sulphuric acid," was adopted to 
some extent. In the production of sulphuric anhydride by 
the contact process a mixture of sulphur dioxide and oxygen 
was formerly prepared by the decomposition of sulphuric 
acid by dropping on a red-hot surface (Squire, B.P. 3278/75). 
The only processes which have been worked on a really large 
scale are the liquid air process and the baryta process. 
No real success has attended work directed to the separation 
of oxygen from the atmosphere by physical means, exeept, 
of course, by fractionation of liquid air. ' 

Although at present commercial use is only made of 
oxygen specifically prepared, it is probable that with the 
advent of various nitrogen fixation processes, e.g. the Haber, 
Cyanamide, Bucher and other processes, the resulting 
by-product oxygen ^will effect a great cheapening of oxygen, 
not necessarily of a high degree of purity, for many purposes 
at present out of the question on account of the cost^of 
oxygen. , 

(1) Manufacture by the Fracticmation. oi Liquid 
, Air.—For a description of this method, see Section I. 

(2) By Electrolysis.— Oxygen is hberated, together with 
hydrogen, in the electrolysis^ of water. A full description 
of this subject will be given under electrolytic hydrogen, 
S&tion VI., and all quantitative data can be taken from this 

; description, the yield of oxygen being approximately half 
that of the hydrogen. 

On account of the (past) difficulty of its di^osal, the 
|4iy&ogen produced simultaneously with the oxygen has 
|of^ been blown to waste or used for heating pmpos^;^ 
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The hydrogen, ,m conjunction with the oxygen, may, how- 
ever, be used profitably ®for welding. If freed from traces 
of intermixed hydrogen (which may amount to about 3 %) 
by passage over a heated catalyst, e^, palladized pumice, 
the oxygen is obtained in an extremely pure f^te. 

On account of its very high piuity electrolytic oxygen 
is eminently suitable for metal cutting operations (cf. 
applications of oxygen) . Electrolytic oxygen is manufactured 
in this country by the British Oxygen Co., Ltd., at Wolver- 
hampton, using the Schuckert cell. 

Many attempts have been made by various inventors 
to produce oxygen without the simultaneous production 
of hydrogen ; such efforts, however, do not appear to have 
met with any technical success. Thus, Coehn (cf. D.R.P. 
75930/93) proposes the use of (a) cathodes which absorb 
hydrogen and are subsequently used as elements of a gas 
cell ; cf. also Brianchon, F.P. 459737/12, who uses a gas cell 
of hydrogen and air to generate current for the decomposition 
of water ; (b) the ifee of depolarizing copper oxide cathodes. 
The use of depolarizing liquids and of electrolytes such as 
copper sulphate solution, employing insoluble anodes and 
effecting the deposition of copper, have been similarly proposed. 

It is interesting to note that the minimum percentage 
of hydrogen required to prepuce an expjfosjve mixture with 
oxygen is 5*5 %, the influence of increased pressure on the 
liniiting percentage being very small (cf. p. 40). 

(3) By Alternate formation and Decomposition of ^ 
Higher Oxides, etc?.— Prior to the introduction of the liquid 
air method about 1895, the only processes (other than 
electrolytic) which had been used for ^ the production of 
oxygen on anything like a large scale come under this cate- 
gory. The patents relating to the subject are too numerous 
to be given in full, but allusion will be made to the moJe ' 
important. 

As early as 1864 (B.P.s 2934/64 and 3171/66), Mallet 
suggested the use of CU2OCI2, formed by exposing cuprous 
chloride to moist air ; o# heating to dull redness oxygen is 
evolved. The alternate formation and decomposition ^of ; 
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allfpli naangarAtes was put forward by Tessi^ du Motay and 
Marshal (B.P. 85/66). By heatbg manganese dioxide 
mivt^ with caustic soda to dull redness in a current of air 
sodium mai^anate was formed, which on the passage of 
steam at a bK.ght red heat gave oxygen, the manganate 
reverting to MujOa and caustic soda. Several works were 
actually erected in Europe and New York, but the life of the 
reactant mass was found to be rather short, largely on account 
of segregation. A number of improvements were patented, 
e.g. patents having as object the prevention of segregation, 
while Parkinson (B.P. 14925/90) employed a vacuum instead 
of steam, the air bemg pumped in under pressure and the 
temperature maintained nearly constant. None of these 
processes, however, met with any special success. 

To take another direction of invest^ation, the use of 
alkaline earth plumbates was suggested by Kastner in B.P. 
11899/89. Calcium plumbatjR is formed on calcining a mixture 
of calcium carbonate and oxide of lead in air and may be 
decomposed, yielding oxygen, in a variety of ways, e.g. by 
treatment with sodium carbonate solution and subsequent 
heating of the resulting CaCOg +Pb02 precipitate ; by carbon 
dioxide in suspension in water or by the action of carbon 
dioxide without removal from the furnace. None of these 
processes, however, is very practical. According to a 
modified form of the process a combination of alkali mai^a- 
nate and metaplumbate was used under the name of “ PluiUb- 
oxan” (B.P. 12307/11), the mass being treated alternately 
with air and steam at a. temperature of 400-500“ C.l 

A greater measure of success has attended the use of 
’ barium peroxide, tl^e dissociation pressure of which is greater 
than that of Ca^PbOi. Fir^ suggested by Boussingault in 
1851) it was developed by Messrs. Brin’s Oxygen Co. about 
1886' (cf. B.P. i4i6/8o).‘'It was or^mally operated using a 
i , considerable temperature variation, but by means of pressure 
^variation the time of oxygen evolution was shortened from 
f about 4 hours to about 15 minutes, a considerably lower 
Istemperature being sufficient. ' Further, by means of a suitable 
Panaugement of valves (Brin’s Oxygen Co. and Murray, 
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B.P.s 4955/89, ^^292/91 and 14918/93), the opQratio^ were 
rendered automatic, four Cycles per hour being adopted, this 
procedure tending to greater regularity of working and 
’'minimizing wear and tear on the retorts. According to 
B.P. 17298/91 the baryta is disposed on pumir/ 

The baryta used is obtained in a hard, porous state by 
ignition of the nitrate ; it Is important to purify the air 
from carbon dioxide and from most of its moisture (by lime 
and then caustic soda) before pumping into the retorts, 
since both barium carbonate and barium hydroxide are 
stable at high temperatures. The presence of a Httle water 
vapour is necessary since it acts as a catalyst. The vertical 
steel retorts, containing lumps of about walnut size, are 
heated to about 600° C. Air at a pressure of about 10 lbs./in.2 
passes through the purifiers and then to the retorts, the 
residual nitrogen escaping through a snifting valve. After 
about 7 minutes, connection is made to a vacuum of about 
26 in^. of mercury, the first portion of the oxygen being 
rejected. The rate <if production may be expressed as — 

(1) About 0*5 ft . 3 oxygen/lb. baryta/hour. 

(2) About 25 ft.3 oxygen/ft.3 retort capacity /hour. 

(Cf. Murray, Proc. Inst. Mech. Engineers, (1890), 131.) " 

The effect of the pressure variation can be readily seen 
from the following dissociation pressures (Hildebrand, /. 
Amer. Chem. Soc., 84 , (1912), 246), for barium peroxide in the 
presence of a little water : — 


Temperature^®C. 

Oxygen pressure in 

1 

’ %iS 

f — 

655 

697 

737 

794 

835 

853 868 

cms. of mercury . . 
Water vapour pressure • 

11-3 

26-8 

65-4 

141 

378 

718 

937 'iiefi 

1 

in cms. of mercury 

ra 

137 

26-3 

47 

198 j 

159 

195 I 231 


Until recent years the baryta process was used extensively* 
in the works of the Brin's Oxygen Co. (now the British 
Oxygen Co.), e.g. in 1907 three works were producing 30,000 
ft .3 of oxygen per day ; it has now been superseded by the 
hquid air process not only m account of its lower cost but 
^Iso because of the greater purity of the liquid air oxygei^ 
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(about^gS %, as compared with about 95 ^ by the baryta 
process). • 

bther processes on similar lines have been proposed, e.g. 
the use of kacmo^lol^in (vSinding-Larsen and Storm, B.P.s 
8211/10 and\ 12728/10), the use of nitrosulphonic acid 
(Bergfeld, B.P. 21211/13), etc., cf,^ also Teissier & Chaillaux,^ 
see p. 206. 

(4) By Auto-combustion Methods.— The development 
of such methods of ])rcparing oxygen (cf. also the production 
of hydrogen from “ Hydrogenite,” Section VII., p. 227) is 
mainly due to the French chemist, Jaubert, who in a series 
of patents (B.P.s 24330/05, 12246/06, and 12262/06) 
proposes the employment of a mixture of perchlorates or 
nitrates in excess, with a combustible material, an inert 
diluent being added, if desired. Special apparatus is described 
in B.P.s 12834/06. 1256/07, 17252/07, and 22034/09. 

Briefly, the api)aratus consists of a steel cylinder in which 
is suspended a perforated cylinder containing the mixture, 
known as “ Oxygenite." The mixture is ignited and the 
lid raj)idly closed when the reaction propagates itself through- 
out the mass. Oxjgen collects in the annular space sur- 
rounding the inner cylinder at a pressure of about 12 atms. 
The yield j)er lb. of “ Oxygenite ” is about 4 ft.^ and the cost 
about ;t 5 /i()oo^ft. 3 . It is at wice obvious that the process 
is very expensive in comparison with the liquefaction process, 
but tliere are advantages for some special cases in the avoid- 
ance of transport of cylinders, availability for mine rescue 
work, etc. . ^ 

Some slight modifications are due to Harger (B.P.s 
16693/10 and 17628/10), the mixture of a'chlorate and lamp- 
black, with addition of a catalyst such as manganese dioxide 
and also of caustic soda if carbon dioxide be produced in the 
'reaction, being used in the form of pencils; a continuous 
feed of the pencils may be arranged. The hot oxygen is 
led back through the unused material and through a purifier. 
Other patents relate to alternative mixtures which may 
be used. 

(5) By the Action of Water on Peroxides and the 
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Like.—Examigation of the patent literature i^veal/a large 
number of patents dealing v^^itli this method of m^ing 
oxygen. To take a typical example, sodium peroxide reacts 
energetically with water according to the followij^ equation : — 

2 NajOa + 2 H2O = 4 NaOH -f-Og 
Thus, Jaubert, in B.T.* 11466/01, proposes the use of 
mixtures of alkali or alkaline earth ])eroxides with alkali 
or alkaline earth hypoclilorites in the form of pastilles, which 
generate oxygen on treatment with water. 

CaOCL +Na202 +H2O =Ca{()H)2 +2NaCl +O2 
A later patent (B.P. 21122/03) deals with the use of 
mixtures such as a solution of bleaching powder with the 
addition of catalysts as copper suli)hate and iron sulphate, 
while Artigue, in B.P. 14848/04, protects apparatus for carry- 
ing this process into operation. Hanman, in B.P. <)783/o3, 
describes the mixture known as Oxy lithe,” * while the use 
of fpsed sodium peroxide is suggested by Foersterling and 
Philip]) in B.P. 3^0/05. Among the various patents for 
appar^tustfnay be mentioned that of Ransford (B.P. 9785/02). 
Other patents, c.g. Byk (B.P. 7495/09), describe the use of 
perborates with the addition of stabilizers and catalysts. 

Preparations on the market such as ” Oxy lithe ” are 
useful for laboratory puq)Oses. ^ ^ 

“ Oxy lithe ” may be used in a Kipp’s apparatus, one lb, 
giving about 3 ft.^ of oxygen while “ Kpurite ” (= bleaching ^ 
powder + iron sulphat**+ copper sulphate) is suitable for 
use on 3^ larger scale, but in either qase the oxygen is very 
expensive. 

Experiments ^lave been made with sodium peroxide 
preparations for revivifying the air of submarines, oxygen 
being liberated by the moisture of the breath while the 
resulting caustic soda serves to reitjpve the carbon dioxidt. 

(6) By Physical Methods (in the Gaseous State).— 
In view of the fact that .the solubilities of oxygen and nitrogen 
in water at 15° C. are 0'034 and 0 0179 respeotively for 

• Sodium pcroiide • .. 98*32 per cent. 

Oxide of iron . . . , 1*00 per cent. 

Copper sulphate . . 0*68 per cent. 
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I atm. «pressii:re, it is obvious that the resp^ective volumes 
. dissolved on shaking water with airfare in the ratio 0*034 ^ ^ • 
0*0179x4 = 1 : 2*1, since the partial pressures of oxygen 
and nitrogeix^are 0*1 r and 0*4 respectively. Consequently 
the gas evolved on reducing the pressure or raising the 
temperature is, if all the gas be driven out, of the composition 
N2 : O2 = 2-1 : I, i.c, 32 % oxygen, as against the original 
21 %. Many attempts to effect an economic separation 
have been made on these lines ; thus, Mallet (B.P. 2137/69) 
saturated water with air under pressure and afterwards 
exposed to a vacuum. After some 8 repetitions the gas 
evolved was 97 % oxygen. Other patents, c.g. Kubierschky 
(B.P. 17780/99), Humphrey (B.P. 14809/05), Levy (B.P. 
5931/09), are similar. 

Although the technical prospects of manufacturing 
pure oxygen by such processes are small there would appear 
to be some possibility of making oxygen-enriched air economi- 
cally, c.g. by waterfalls in conjunction with arc processes, 
etc. The same statement might be made with reference to 
sundry patents relating to separation by centrifagalkation 
(Mazza, 13598/07) ; by diffusion (Runge, B.P. 3420/14), 
or by transpiration through indiarubber, etc., (H^louis, B.P. 
2080/81 ; Neave, B.P. 6463/90 ; de Villepique, Fournier 
and Shenton, B^P. 79044/96 ; Bartelt, B.P. 24428/06). 

None of these processes appears to have been applied 
technically, the liquid air process bemg apparently the only 
really successful case of the application of, physical methods. 

The Linde-Frank-Caro process for 'the manufreture of 
hydrogen (cf. p. 172) may be so operated as to yield oxygen 
^ and nitrogen as by-products in connection with the cooling 
of the water gas (the oxygen, = about 25 % of the hydrogen 
produced). 

Compression of Oxygen. —For a discussion of the 
precautions to be observed in connection with the com- . 
; pression of oxj^gen, see p. 34. In this country oxygen isv 
l^sold undei a pressure of 120 atms., in black-painted cylinders,' = 
|.the capacity of which does not usually exceed 100 ft.*. It;| 

lis^most important that no oil or grease of any kmd ^ould^l 

mi' „ , 
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be allowed to iome into contact with the compresse^ gas, as 
serious explosions may ttus be caused. Steel should not be 
used in the construction of the cylinder valves since com- 
bustion of steel spindles has been known ty occur, being 
started by heat engendered by friction. 

Comparison of Costs of Production and Purity 
Attainable by Different Processes 

It is difficult to give more than a very approximate 
comparison of the costs of the different processes which have 
been described in connection with the manufacture of oxygen, 
but the following table will serve to give some idea of the 
advances which have been made in this branch of technology. 
All costs are on a pre-war basis : — 

TABLE 21 . 

Cost of Production and Purity of Oxygen by Different Processes. 


• 

Method. ^ 

Cost per 1000 ft.'' 

Purity. 

From ^tassium chlorate 

•;^8-I0 

Liable to contain traces 

of chlorine. 

From manganese dioxide 


— 

By the Tessi6 du Motay process 

*£3-* 

— 

By the decomposition of sul< 

*£2-3 

— 

phuric acid 

Kassner process . . 

Brin process 

By solution in water, etc. 

•♦High 
' *75. to I2S. 

Abofit 95 %. 

1 

P 

— 

Ox^genite process 

— 

[Oxylithe.] .. ^.. 

Epurite process • . . . 

m] 

___ 

By electrolysis 

t- 

Almost perfectly pure if 

passed over a heated 
catalyst. 

From liquid air . . • . . 


•3s. 6 d. 

About 98 %. 

• 


The values of cost marked with an asterisk are taken 
from Thorpe's Dictionary of Allied Chemistry," 191%, 
vol. 4, 40 ; they are apparently exclusive of overhead 
charges. In the case of the liquid air process the overhead 

t It is difficult to give any cost for electroljrtic oxygen, & it depends 
| so much on the price of electric ^rgy«and the use to wmch the hydrogen 
For any particular case, however, reference to the section^on 
hydrogen will supply the desired information. 
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e taken as of the order of i/$ per looo ft.* 
0 

purity, it is important to note that in the 
Kquid air prt;;pess about half of the argon initially present 
in the air (about 0*9 %) goes into the oxygen fraction. The 
percentage of argon is consequently higher in the oxygen 
than in the nitrogen. A brief consideration of the respective 
boiling points of the three gases, viz. nitrogen —196° C., 
oxygen —183° C., argon —186° C., will indicate the reason 
for this. “I^iquid air " oxygen, therefore, usually contains 
some 2-3 % of argon. Electrolytic oxygen, on the other 
hand, can be produced in an almost pure state. 

P'or the influence of purity on the technical apphcations 
cf. “Metal cutting,” p. 105. 

Oxygen manufactured by the hquid air process contains 
small quantities of organic matter which are liable to introduce 
errors in organic coinbustione and similar operations. When 
one bears in mind the presence of traces of methane and other 
hydrocarbons in the atmosphere (cf. p. ^9), this fact is not 
surprising ; such impurities would tend to be concentrated 
in the less volatile oxygen fraction. 

Applications of Oxygen 

The applicat^ni of oxj^gen hre very diverse and it will 
be well to discuss them under a number of headings as below. 
Some 150-200 million ft.^ of oxygen were manufactured 
In Great Britain in 1913. Accorc&hg tg Dewar (/. Soc. 
Chem. Ind., (1919), 23 R), the present output of the twelve 
oxygen factories is about i million ft. 3 /day. 

About 90 % of „ the above production is absorbed by 
the welding and metal cutting industries in roughly equal 
prophrtions. 

* (i) Scientific and V&boratory Uses.— Ox>gen is used 
m the laboratory for effecting organic combustions, working 
quartz or hard glass, making ozone and many other specific 
purposes. * t 

(2) Therapeutic Uses.-^Oxygen is largely used medi* 
^ally for alleviation in asphyxiation, pulmonary conq)lain^|' 


As regards 



etc. ; and by ^ntists, in admixture with nitroias o^e, fa 
purposes of anaesthesia. Pt is also used for diving operations 
for mine rescue work (cf. also “ Applications of liquid air/ 
p. 78), for smoke hdmets, and for jieronautwal work at 
high altitudes. Its use has been suggested for improving 
the atmosphere of theatres, etc., but at present the cost would 
be rather prohibitive. * 

(3) Welding and Cutting of Metals.— As mentioned 
above, the principal applications of oxygen are in the 
welding and cutting of metals, particularly steel. 

(a) Welding . — The art of autogenous welding is one which 
has been developed gradually from ancient times. The 
hydrogen-air, or the much more convenient oxy-coal gas 
blowpipe, was long used for lead burning, but the industry 
owes its present standing chiefly to the advent of the oxy- 
acetylene blowpipe, which came into technical use about 
1903* Acetylene has the advantage over hydrogen and coal 
gas of a considerably higher heat of combustion. 

Acetylene, net heat of combustion/ft.3 . . 815 C.H.U. 

HydrRgen! ,, „ „ „ . . 153*3 

Coal gas, „ „ „ „ ca.z%o „ 

Apart from its lower heat of combustion the low pressure 
of coal gas is a considerable; disadvantage. Petrol, benzol, 
etc., may also be used in conjunction wit3 oiygen. 

The equation 

2C2P2 -«02 = 4CO2 + 2H2O 

demands volumes of oxygen per volume of acetylene, but, 

in practice, the best results are found to correspond to about 
1*0 to 1*5 volumes. This ratio is in accordance with the 
equation 

2C2H2 + 02= 2CO + 2H2O 

and this represents the reaction ih the inner white cone 
of the oxy-acetylene flame ; the completion of the com- 
bustion occurs in the outer cone, this being relatively cool 
and serving to protect the#jrel<J from oxidation. The apex* 
the cone has a temperature of probably over 3000° C. • 
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Thgre ar^two systems of working— high gnd low pressure 
respecuvely. The former was the first to be introduced 
and uses acetylene at about 4-7 lbs./in.2 pressure from 
cylinders w^jiile the Jatter is more suitable for acetylene 
generated directly from calcium carbide. Autogenous 
welding of steel, aluminium, etc,,, is employed extensively 
in connection with the motor industry. 

(b) Cuiiing . — In 1889 Fletcher showed that it was 
possible to cut metals by introducing excess oxygen into the 
oxy-coal gas flame. Twelve years later Menne, in Germany, 
applied the process to opening up tuyeres which had become 
blocked ; the process was found very convenient and the 
method gradually became of greater applicabilit5^ In the 
early stages difficulty was experienced from the lack of fluidity 
of the iron oxide, the cutting being rendered intermittent. 

About 1904, however, on the introduction of the cutting 
blowpipe (by the Soc. Auon. I'Oxhydrique Intemat. ot 
Belgium), the essential feature of which was the provision 
of a separate conduit for the “ cutting oxygen, either in 
the centre of the heating jet or behind it, these?- difficulties 
were overcome. 

The method of operating is first to heat up a comer of 
the article to be cut with a normal flame and then to turn on 
the cutting "^ox^vgen, when V:ombustion of the iron com- 
mences. The fine “ cutting " jet has sufficient force to blow 
away the iron oxide, as it is formed, a thin, regular cut 
resulting. By means of special g&des {or the blowpipe it 
is possible to make a very precise cut. ' 

As in weldmg, acetylene gives the best results, although 
operations may be conducted with hydrogen or even with 
coal gas. The proportions pf combustible gas required for 
the actual cutting are as follows 


Acetylene ..‘r 25-10 j 
Coal gas . . 50-20 1 
Hydrogen ., 150-80) 


per 100 volumes 
of oxygen 


According to the thickness of the work. ^ 

The purity of the oxygen used is of great importance 
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account of the diluent effect of impurities sueh as lutrogen 
or argon. For cutting dperations a purity of at Ic&t ^8 % 
is desirable ; 95 % gives decidedly inferior results, although 
quite good for welding. According to the /International 
Oxygen Company, the effect of the presence of 9 % nitrogen 
is to double the time of c^itting^ while i % increases the cost 
of cutting by about 25 %. It is obvious that the presence 
of a httle hydrogen in electrolytic ox>"gen is no disadvantage 
from this point of view. 

Some idea of the efficiency of the process may be gathered 
from the following data (Murray, Thorpe's "Dictionary of 
Apphed Chemistry," 1912), relating to the cutting of nickel- 
chrome armour plate — 


Thickness of 
armour plate. 

(in.) 

Time per 
foot cut. 

(min.) 

Oxygen used 
per foot. 

(ft.*) j 

Oxygen used 
per hour. 

(ft.*) 

• 9 l 

3 i 

» j 

530 

12 

• Ai 

50 

650 

17 

• • 

5 

112 

1350 


The advantages of oxygen cutting over mechanical 
methods are particularly marked in operations of demohtion 
of steel structures, e.g. bridges and the Ijjse.^ 

(4) Other Applications of Oxygen— Among other 
applications of ox>^gen may be mentioned the following : — 
The use of pure oxfgen has been proposed (Pictet, F.P. 
475528/J4) in the \nanufacture of water gas. By passing 
a mixture of steam and oxygen into the centre of the charge, 
it is possible to obtain continuous operation as opposed to 
the usual intermittent procedure. The employment of 
oxygen for opening refractory tap-holes and blo^ed tuyeres, 
has already been mentioned. Experiments have been maffle 
on the operation of Bessemer converters with pure oxygen, 
while the introduction of oxygen into fluid glass is found 
beneficial. 

Oxygen is also used, mistly ^n a small scale, for increasing 
the temperature of furnaces (cf. also Oxygen-enriched air*'')l 
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Oxygeikis us^d for the fusion of platinum ‘ingots (usually 
in conjunction with hydrogen), and also for the fusion and 
manfjpulation of transparent quartz glass. The use of oxygen 
for producing^ high po^er lights, e.g. in admixture with oil 
gas or coal gas, with or without mantles, has been tried but 
has not proved a commercial success. Similarly, proposals 
have been put forward for tlie addition of oxygen to increase 
the working pressures of internal combustion engines. 

There are many patents, e.g. Farbwerke, vorm. Meister 
Lucius and Briining (B.P.s 15948/11 and 13842/13), dealing 
with the use of oxygen in connection with the conversion 
of oxides of nitrogen (particularly in the liquid form) into 
concentrated nitric acid. According to their D.R.P. 249329, 
compressed oxygen is employed. The use of oxygen in 
bleaching is said to give good results, effecting a saving in 
bleaching powder. Milk can be sterilized by exposure in the 
fresh condition to some 5 qtmospheres pressure of oxygen 
for several hours. Similarly, oxygen is used in the manu- 
facture of oxidized oils, having the advantage that the process 
can be effected at a steam heat, and that no “ drierso" are 
required ; also for the artificial maturing of spirits, in the 
production of vinegar, etc. It is claimed (Valon) that by 
the addition of oxygen (about O’l %) instead of air, the 
elimination of sulphuretted hydiiogen from coal gas by the 
usual iron oxide purifiers is greatly facilitated. Dilution 
with nitrogen is avoided (which is important when the 
^gas is used as an illuminant wilh ordinary batswing 
burners), and the capacity of the ore foif taking up^ sulphur 
is increased to 75 % of its weight of sulphur instead of 

50 %. ^ • 

The Vickers process of case-hardening steel consists in 
effecting a sudden local heating of the surface of the steel by 
nifeans of an oxy-acetyleue flame, on the removal of which 
the heated layer is quenched by the body of cold metal 
underneath. 

5 % ^ Oxygen-enriched Air. — ^There are a number of apph- 
icalipns of oxygen to technical processes in which even approjd- , 
purity of the oxygen is a matter of small importances^ 
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or possibly tinds^irable ; it will be preferable to 4ieal such , 
applications under the heading of oxygen-enriched wr. It 
is probable that with the further cheapening of oxygen, m*any 
new industrial applications of this ^aracter ^vdll present 
themselves. Among such uses may be mentioned the 
following : — « 

(1) Use of oxygen-enriched air in the blast furnace. — Trials 
have been carried out by Trasenster at Ougree-Marihaye, 
Belgium {Engineering, (1913), 374), with a blast furnace 
supplied with air of 23 % oxygen content instead of the normal 
21 %. As a result, a diminution of 5 % in the coke con- 
sumption and an increase of 10-15 % in the output were 
experienced, the cast iron being of excellent quality and rich 
in silicon. 

The oxygen was supplied by three Claude plants, each of 
capacity 70,000 ft.^ oxygen/hr. Johnson [Metall. and Chem. 
Eng., 18 , (1915)1 483) found that an increase of the oxygen 
content to 50 % resulted in a fuel economy of 33 % when 
using a cold blast a 5 against the normal dry hot blast. The 
economy i5 still greater in the manufacture of ferro-silicon, 
where a higher temperature is required. 

(2) The use of oxygen-enriched air in the arc process for 
nitrogen fixation. — It has been found that by raising the 
oxygen content to 50 % the^rield of nitrip acid in the above 
process can be increased from ^oo kilos./K.W.Yr. to 625 
kilds./K.W.Yr., the cost of the oxygen being more than 
balanced by the increased production. Some workers have 
found as much as 50^% increase in efficiency. It is necessary 
to work with a closed cycle, as only about 3 % conversion 
takes place under "the most favourable circumstances. 

(3) The use of oxygen-enriche^ air in the Hdusser process . — 
This process depends on the production of oxides of nitrogen 
by the explosion of a compressed thixture of air and a fu6l 
gas. By increasing the oxygen content of the air to about 
26 % the yield of oxides of nitrogen is raised from 6*4 lbs. 
to io lbs. per 1000 ft .3 of the combustible gas. According^ 
to these experiments (at Weidelin Germany) it was expected, 

f ^th a supply of 7350 ft. 3 /hr. of coke gas, to make about i ttm . 
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of nitiiic acid per diem, by the addition of .about 2500 
oxy^e^per hour. See also this "" series Partington, ** The 
Alkali Industry, ” p. 174 ei seq, 

(4) Othe^^applicatwns of oxygen-enriched air.— ‘Hue use of 
oxygen-enriched air has also been proposed in the oxidation 
of ammonia to nitric acid by the Ostwald process ; in the 
oxidation and absorption of the oxides of nitrogen resulting 
from this and other operations, and in the manufacture of 
sulphur trioxide by the contact process. 

Estimation and Testing of Oxygen.— Oxygen is readily 
recognized when present even in small quantities in other 
gases. If present in hydrogen its estimation is perhaps best 
effected by means of the so-called “ Grisoumeter by the 
action of a red-hot platinum wire. The contraction is equal 
to three times the volume of the oxygen present. For an 
automatic oxygen detector on this principle cf. Greenwood 
and Zealley, loc. cit. Whei? the oxygen is present in a non- 
combustible gas, or where, for various reasons, the use of a 
Grisoumeter is undesirable, the oxygen is readily determined 
by absorption by copper gauze in the presence of hmifionium 
hydroxide and ammonium carbonate, by pyrogallol, by sticks 
of phosphorus, or by sodium hydrosulphite. 

The copper gauze method is very convenient, an absorp- 
tion pipette taj^ng up large quantities of oxygen without 
agitation ; after the absorption the gas is freed from ammonia 
before measurement. If present in the gas. carbon monoxide 
is also absorbed by this reagent, using phosphorus 

the temperature must not be below I5°'C. or oxid&tion does 
not occur readily ; the presence of certain gases has a similar 
inhibitive effect. ,The use of pyrogallol also has some 
disadvantages as, under cert^ conditions, carbon monoxide 
is evolved by the recent. 

" Sodium hydrosulphite — used in weakly alkaline solution — 
is an energetic absorbent for oxygen and is free from the 
drawbacks of the other absorbents mentioned ; it does not;^ 
absorb carbon monoxide. When present in small quantities^ 
oxygen may be estimated colorimetrically by the red coloi^ 
;^tion produced in a solution of pyrogallol or a rnixture^ol 
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pyro-catediine,.’ ferrous sulphate and alkali# in ^ueous 
solution (Binder and Weiifland, Ber., (1913), 255). / 

The purity of commercial oxygen is best determinedf by 
absorption with one of the above rgentionedi/absorbents, 
e.g. sodium hydrosulphite, and measurement of the small 
residue. Small quantities of carbon dioxide are readily 
determined by absorption with caustic soda, while hydrogen 
may be estimated by the Grisoumeter method. 
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Section IIL— NITROGEN 


Properties of Nitrogen.—Nitrogen is a colourless, odour- 
less and tasteless gas, the most important physical properties 
of which will be found in Table 12, pp. 53 -5. The solubility 
in water is given in the following table : — 


Temperature <>0. 

0 

10 

15 

20 

40 

C.c. of gas (measured at\ 
N.T.P.) dissolved by 1 1 
c.c. of water under al 
pressure of i atm. ex- 
clusive of water vapour. ) 

0-0239 

i 

% 

o 

b 

0-0179 

0-0164 

0-OII8 


The variation of the mean specific heat with temperature 
has been found by Holbom and Henning (Annaten, ^4), 18 , 
(1905), 7139; 28 , (1907), 809) to follow the expression 
= 0*2350 + 0*000019^ between 0° and 1400° C. According 
to Crofts {Chem. Soc. Trans,, (1915), 290), ==0*1677 + 

0*000014^, wheije Cp is the meah specific heat between t and 

15-5“ c. 

Liquid nitrogen is very mobile and quite colourless, with 
a refractive index Ijij,) of 1*2053 ^ thee boiling point. Its 
q)ecific heat is 0*43. For other properties see TaWes 12 (B) 
and 12 (Cj. 

Nitrogen is generally regarded as a very inactive element. 
To a very considerable extent, by comparison with such 
pases as oxygen, this is true, since very few, if any, reactions 
are known in which nil^rogen enters into combination at the 
ordinary temperature. Given, however, the stimulus of high 
^j:!(temperatures or of catalysts, nitrogen is capable of forming 
I'. diiectly a great number of compounds. Thus, the endo-j 
i^Ittermiccompolmd nitric oade can be produced by heating 
to very high temperatures, and then rapidly chillingi^; 
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while the exotfiermic compound ammonia is easily formed 
at a moderate temperaflire in the presence of a/suitable 
catalyst, especially at increased pressures. Nitrides* are 
formed by direct combination with a krge number of metals 
and non-metals at high temperatures. 

According to recent experinients of Strutt, nitrogen can 
be obtained in an allotropic form known as active nitrogen,” 
by the passage of an electric discharge, preferably with 
a condenser and spark gap in parallel, through nitrogen at a 
pressure of a few mm. of mercury. A yellow glow is set 
up in the gas and persists for a period varying from several 
seconds to some minutes according to the conditions ; the 
rate of disappearance of the glow rises with increase of 
pressure. While in this state, the nitrogen has the property 
of combining in the cold with various substances, e,g. with 
acetylene to form hydrocyanic acid, or with liquid mercury 
to form mercury nitride. No (sombination with oxygen or 
hydrogen has been observed up to the present. It is found 
that perfectly pure* nitrogen does not give the glow, but its 
formation* is induced by the presence of minute amounts of 
various impurities, e.g. 0'0I3 % oxygen, o*ooi % methane, 
traces of sulphuretted hydrogen, ethylene, etc. 

For further information on this interesting subject, 
cf. Strutt, Chem. Soc. Trans.,\igiS), 200, 0iidj)revious papers, 
also Lowry, Trans, Faraday Soc., 9 , (1913), 189. 


manufacture of Nitrogen 

General. — ^The production of nitrogen is a subject of 
great and increasing importance at the present time, chiefly 
in connection with the various synthetic processes for the 
fixation of atmospheric nitrogen. In describing this subject 
it will be unnecessary to make mofa than a passing allusioh 
to such methods as depend on a Sirect separation of the 
constituents of the atmosphere, either by chemical or physical 
means, since obviously aJllhat has been said with reference ^ 
^to such methods under oxl^erv applies also to the case of 
mtr<^en; moreover, no extensive use appears to ha^e 



been n^de of such methods, with the hotable^lSe^tiQh^ 

^ the liquM air process. * 

(1) By the Fractionation of Liquid Air.— The manu- 
facture of nitrogen by^liis method, which is the only process 
worthy of consideration at the present time, if approximately 
pure nitrogen be required in large quantities, has already been 
fully described (pp. 8i et seq), 

(2) By Direct Chemical Removal of the Oxygen 
from Air— The processes coming under this heading may be 
divided into two dasses : {a) those depending on the alternate 
absorption and disengagement of oxygen ; (d) those involving 
the absoiption of oxygen with the formation of an oxidized 
compound which may be regenerated subsequently without ' 
the production of free oxygen. 

(a) Practically all that has been said under “ Manufacture 
of Oxygen," Section II., applies equally to nitrogen. The 
Brin process was the mo^t important, but the nitrogen 
(cf. Price, B.P. 14213/03) does not appear ever to have been 
collected and purified technically. ‘ 

(b) Theonly process whichhas had any important industrial 
application is that depending on the use of metallic copper, 
but as many interesting reactions are involved a few of the 
numerous patents may be mentioned here. 

We find referf nQe to the preparation of nitrogen by passing 
air over heated iron sponge as early as 1869 (Spencei, B.P. 
3752/69). The use of copper turnings was proposed by e.g, 
Welton, B.P. 2559/79. Franke and Finke (B.P. 10718/12) 
used copper gauze, which was subsequently reclficed by 
methyl alcohol or water gas. Accordmg to the Cyanid- 
gesdlschaft (D.R.P^ 218671/12), two concentric retorts are 
employed for this purpose, the charge of one undergoing 
oxidation, while that of the other is being reduced, heat- 
interchange thus being effected. 

On similar lines is the process of the New York Nitrogen 
Co. (B.P. 17666/11) for removing the oxygen by means of 
molten lead. The use of sulphur (Blagbum, B.P. 25535/08) 
or phosphorus (Haddan, B.P. 24293/95) has also been 
jt^ested. Other inventors have protected the use of wet 



methods/ e,g. Wise (B.P.^ 4359177) passes aii» ovei^ iron 
filii^s moistened with ferrous sulphate solution, ani Al^er 
(B.P. 1004/80) uses moist barium sulphide, etc. •Similarly 
Knecht, Perl and Spence in B.P.s 25532/11 anJ 25533/11, 
make nitrogen in the course of dissolving cellulose in aqueous 
ammonia and cupric hydroxide^ while Elektrizitatswerk 
■^Lonza, A. G. (D.R.P. 302671/16) passes air through a hot 
solution of ammonium sulphite. 

The “ Harcourt method of passing a mixture of air and 
ammonia over heated copper turnings forms an excellent 
means of preparing nitrogen on a semi-technical scale (cf. 
Hutton and Petaval fj. Soc. Chem. Ind., (1904), 87 ; Marston, 
B.P. 19074/1900). It is important to use a considerable 
excess of ammonia (about twice the theoretical quantity), 
as otherwise, oxides of nitrogen are formed. After removal 
of ammonia, the nitrogen contains about 4 % of hydrogen, 
which can be easily eliminated by -copper oxide, if necessary. 
Nitro^n, prepared in this manner, costs about 17/- per 
1000 ft. 3 . 

In 2P sertes of patents by the Farbwerke vorm. Meister, 
Lucius u. Briining, the manufacture of nitrogen in the 
oxidation of ammonia is proposed ; excess of air is avoided, 
nitrogen being obtained after separation of the oxides of 
nitrogen. If desired, nitrogerf may be added^to keep down 
the temperature (B.P.s 3662/13, 28737/13, and 9974/14)- 

Of these methods, the copper '' process appears to be 
the only one which h^sjhad any measure of technical success. 
Vertical cast-iron retorts are usually employed to contain the 
popper turnings or sponge ; the retorts are heated to redness 
in an ordinary furnace setting and are fed, alternately with 
air and water gas or other reducii^ medium. Thus, part of 
the plant of the American Cyanamide Co. is supplied with 
nitrogen by this process, the reductio^ being effected by the 
gas from the coke-oven plant installed in connection with the 
carbide production (cf . * ‘ Applications of Nitrogen ”) . Accord- 
ing to Bucher (/. Ind. and Eng. Chem., 9, 1917, 233), a 
temperature of 450° C. sufficA for the efl&dent conduct of the 
JObdration. and a volume of about ft.3 in the retort 
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contaioing the copper lummgb, ^avc an ouipux auimg til 
oxijiatiVi phase of some 200 ft. 3 per hour. It was fouu' 
important ^to guard against the tendency of the coppe 
turnings to cement Ifcgether and block the gas passage, b; 
the provision of adequate support among the turnings. 

Nitrogen results, in a inore or less pure state, as a b ; 
product from a number of chemical processes, e>g, th( 
effluent from the chamber sulphuric acid process, in the Brii 
process, in the manufacture of sodium carbonate by th( 
ammonia soda process (cf. p. 269), and also in the manu- 
facture of wood pulp by the sulphite process. 

The nitrogen present in products of combustion is dealt 
with in the next section. 

(3) From Producer Gas and Products of Combustion. 

--Since air consists of 79 % nitrogen, it is evident that in the 
combustion of carbonaceous matter, the reaction products, 
after separation of the water, will consist in large proportion 
of nitrogen mixed with carbon dioxide, which gas iS very 
easily removed, or with carbon monoxide if the combustion 
be only partial as in air producer gas. It will bl coftvenient 
to deal separately with the nitrogen in the two cases. 

(a) Producer Gas.— Air producer gas contains some 
30 % carbon monoxide, the remainder being mainly nitrogen 
with a little l^dtogen, methane, etc. A description will be 
found under “ Manufacture of Hydrogen " (p. 205) of the 
production of hydrogen or mixtures of hydrogen* and 
nitrogen from producer gas through fhe intermediary of 
formates. ’ • 

(h) Products of Combustion,— In this case we have a some- 
what simpler proposition, the gas from 'which the nitrogen 
is to be isolated consisting of nitrogen, aqueous vapour, carbon 
^dioxide, with probably^ carbon monoxide or oxygen or both 
and perhaps small athounts of sulphur compounds. The 
removal of the carbon monoxide and/or oxygen, has attracted 
Jhe attention of a number of inventors, thus Lance and 
Elworthy (B.P. 4409/06) complete the oxidation by passage 
gpVer heated copper oxide ,* the use of a heated mixture of ^ . 
/ metalhc oxide and the correq)onding metal, e,g, coppj^l 




oxide and copper, is claimed by Frank and Card (B.p! 
16963/08), serving the purpose of removing carboiy^onoxide 
and oxygen, either alone or separately. Aa(?ording to 
Riedel (B.P. 20631/09), a small proportion of reducing gas 
' is added to the products of combustion, the better to preserve 
the balance. The Brauif process, founded on the above 
patent (cf. B.P. 22531/11), is used on the large scale in Berlin. 
The Kitzinger process, which is very similar, is stated to be 
used especially for cyanamide production (cf. Chem, 
Trade ],, 62 , (1918), 88). After some purification, the 
furnace gases containing a certain excess of oxygen, are passed 
with producer gas into a heated retort where the oxygen is 
removed. The carbon dioxide is absorbed by passing the 
cooled gases up towers fed with potash solution, the potash 
being regenerated by heating the solution (cf. p. 264). 
Success is stated to depend on an outlet for the large quantity 
of carbon dioxide simultaneously produced. Harger (B.P.s 
28075/11 and 16855/12) advocates the use of a gas engine 
exhaust in order to secure a regular combustion, passing the 
gases oVer a catalyst, e.g. titaniferous bog iron ore, with or 
without use of the copper-copper oxide mixture, which 
may be employed at 100-200° C. under a pressure of about 
5 atmospheres. The carbon dioxide is removed according 
to various known methods. * Other invefttojrs make use of 
surface combustion to facilitate exact proportioning of the 
fuel and air, e.g, McCourt and Ellis (B.P. 25629/12), while 
Dreaper (B.P. 12^2^/13) adopts similar methods, but 
utilizes tlfe heat in the cyanamide or cyanide retorts for 
which the nitrogen is being manufactured, cf. also Brownlee 
and Uhlinger (B.P.* 5097/15). 

All the above processes are designed to produce, in the 
first instance, a mixture of nitrogen and carbon dioxide, the 
latter component being separated in i variety of ways. For 
a detailed discussion of the removal of carbon dioxide and 
other impurities, cf. p, 117 ; also for the isolation of the 
same, cf. p. 264. ^ 

(4) By Physical Met^ds (in the Gaseous State).--^ 
f**fiaently successful application of physical methods to 
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J the s^aratioh of the constituents of air by thfe liquid air pro- 
cess ha^itbeen described. For a discussion of other physical 
methods, c' '' Manufacture of Oxygen ” (p. 94). It may be 
mentioned that in the^-production of hydrogen by the hinde- 
Frank-Caro process, the cooling of the water gas to —200° C. 
entails the production of Jarge quantities of more or less 
pure nitrogen, about equal in volume to the hydrogen 
produced. 

( 5 ) By Direct Chemical Methods.— It should be 
pointed out that all the processes thus far described give, not 
pure nitrogen, but a product containing a certain proportion 
of argon as well as traces of the other rare gases. For 
example, nitrogen prepared by the liquid air process may 
contain up to about 0’5 % of argon ; that by the majority 
of other methods, about i'2 %. There are few, if any, 
industrial appUcations in which absolute freedom from argon 
is essential.* It is, however, of interest to indicate briefly, 
possible methods of securing argon-free nitrogen on a fairly 
large scale. Such nitrogen is easily obtained from a large 
number of reactions, e.g. from solutions of ammohiadd salts, 
by passing ammonia over heated copper oxide, by the action 
of sulphur on cyanamide (Naef, B.P. 14607/12), etc. 


* Purification of Nitrogen 

Allusion has been made in the preceding pages to. the 
elimination of specific impurities *from nitrogen. It will, 
however, be of advantage to collect' •together methods of 
dealing with the different impurities likely to* occur in 
commercial nitrogra, either in large or smaU concentrations. 

Purification from Carbon Monoxide. — Although many 
of the processes detailed unSer the Purification of hydrogen, 
ure equally applicable fo the case of nitrogen, it is obviously 
much cheaper to effel^ the desired operation by heated 


• Argon content is of considerable importance in such cases as the, 
a^oma where the reactants, nitrogen and hydrogen, at#' 
circulated rontmuously over a catalyst in a closed system. Any areon. 
pre^t rapidly accumulates and'lowers the output of the plant 
fanlm, m proportion to its concentration and necessitates blowing off 
gases to waste. Simi l ar considerations apply in cyanamide prodyi^yll^^ 



NITROGEN^ ii> 

copper oade (cf. p. 114^, and subsequent removal *Df the 
carbon dioxide produced. 

Purification from Carbon Dioxide. — A account 

of the different methods of removing oarbon dio&^ in large 
or small quantities from hydrogen, will be found on p. 209 
(cf. also p. 1 61). All these methpds, of course, apply equally 
to nitrogen. 

Purification from Oxygen.— The removal of small 
quantities of oxygen is effected conveniently with heated, 
metallic copper, etc. (cf. p. 113), or, if the presence of a little 
reducing gas is not detrimental, by the addition of a slight 
excess of hydrogen or other reducing gas, and passage over 
a heated catalyst, e.g. platinized pumice, etc. 

Purification from Sulphur Compounds. — In this 
connection, reference may be made to the information given 
on p. 210, relating to the purification of hydrogen. All these 
methods are applicable to nitrogen, with the exception of the 
Carpenter catalytic ^hydrogenation method. 

Comparison of Costs of Production and Purity 
attainable by the Different Processes 

Nitrogen can be manufactured on a large scale, say 
10,000-20,000 ft. 3 /hr., at a cost (pre-war) not greatly 
exceeding -/6 per 1000 ft ,3 inclusive of capita charges. On 
a smaller scale the cost of production will be higher, say i/- 
per *1000 ft. 3 . The copper process is more expensive. 

As regards purity^ reference has been made to the argon 
content on p. 116. t^iquid air nitrogen usually contains some 
^'5 % oxygen and up to about 0*5 % argon. 

Applications of Nitrogen— Nitrogen Fixation 

The only important industrial consumption of nitrogen 
is in connection with the fixation of free nitrogen. It il 
scarcely possible to exaggerate the importance of this rela- < 
, tively new branch of chemical technology. The manufacture ' 
of explosives without the use of Chile saltpetre, has occupied];^ 
^ the attention of belligerenttountries during the war, and the i 

would have been impossible in Germany but for tlie:| 
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recenttadvaiwes in the synthetic production of ammonia and 
nitric aojd : the manufacture of aftificial fertilizers in peace 
time, is \>f almost equal, if less sensational, national 
importance^ #. 

A brief description will be given of the chief processes 
involving the use of free nitrogei^. The arc process, which 
depends on the combination of the constituents of the 
atmosphere under the influence of a high-tension arc, does 
not necessitate any preliminary separation of the nitrogen 
and oxygen. 

Nitrogen is sold in this country in grey painted cylinders, 
under a pressure of 120 atms. ; there is, as yet, no great 
demand for nitrogen in this form. 

{a) Cyanamide Process.— The inception of this important 
process is due to the researches of Frank and Caro, about 
1895. It depends on the direct absorption of free nitrogen 
by calcium carbide when heated to 1000-1100° C. Re- 
action does not occur under these conditions with the.pure 
carbide, but proceeds readily with the tommercial product. 

CaCg + N2 = Ca=N-N=C + C ' ‘ 

This compound, known as cyanamide or “nitrolim,’* 
is stable in dry air and is valuable as a fertilizer ; as a source 
of ammonia, whic^ is easily produced by hydrolysis with 
steam under prksure ; in the production of cyanides, and in 
the production of various dye-stuffs ; in the manufacture of 
urea ; in explosives ; case hardening media, etc. 

The usual method of effecting the^feaction is to raise 
the temperature of a relatively small charge of powdered 
calcium carbide, contained in a lagged closed vessel, to a high 
temperature by m&ns of an electrically-heated carbon rod, 
and to supply nitrogen, whdreupon the exothermic reaction 
propagates itself slowly^ through the mass, the entire opera- 
tion occupying some ^0-40 hours. It is important that 
the nitrogen should be free from water and oxygen, which 
Would react with the carbide and cyanamide respectively. 
The product usually contains some 20 % nitrogen ; pure 
OaCN2 contains 35 % nitrogen. A little calcium carbide 
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(about I %) is tfeually left unchangeS in the {yroducl^ and, 
to make transport safe, ft removed by partid hy^ation ; 
for agricultural purposes, the powder is oiled t^^nirfdze 
its dusty propensities. One of the c^ef drawb^ks to the 
use of the cyanamide process in this country, is the high 
power consumption as compared with the Haber and Cyanide 
processes (cf. p. 121). With cheap water power, on the 
other hand, the conditions are more favourable. The first 
plant was erected at Piano d’Orte in 1905 ; there are many 
plants in Norway (particularly at Odda), at Niagara, in 
Switzerland, Germany, etc. 

Some 200,000 tons of cyanamide were produced in 
1914 ; in 1917, the production in Germany alone is stated to 
have been 886,000 tons (=!5400 x 10® ft.^ nitrogen), while 
similar extensions have taken place in other countries ; 
according to Marselli, the world production in 1916 was 
981,500 tons [Chem. Trade 63 , (1918), 182). 

The nitrogen for cyanamide production was at first made 
by the copper procdSs, but is now mostly produced by the 
cheapej liquid air process ; the American Cyanamide Co., 
however, operates part of its plant by the copper process, 
the reduction of the oxide being effected by the coke oven 
gases from the coke plant in connection with the carbide 
manufacture (cf, p. 113). • ^ 

The cyanamide plant in contemplation b^ the American 
Air •Nitrates Corporation during the war, was to produce 

350.000 tons of cyanamide per annum, a power plant of 

60.000 K.W. being necessary. 

(6) The Synthesis of Ammonia.— An account of this 
process will be given under the applications of hydrogen. 
The probable consumption of nitrogen for this purpose in 
Germany at the end of the war* was of the order of at least 
3000 million ft.® per annum or about ^50,000 ft.®/hr. Refei# 
ence has already been made (p. 116J to the influence of the 
argon content in this application of nitrogen. 

(c) The Formation of Metallic Nitrides.— There are 
a number of processes for the production of different nitrides 
by direct combination of nitrc^en. Chief of these is the 
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Serpejc process, which "depends on the action of nitrogen on 
a mixtoe of bairdte (impure aSumina) and carbon at a . 
terflper^^re of about 1800® C. 

Al208 +3C+N2 = 2A1N + 3C0 

Most of the silica of the bauxite is volatilized. The 
process is carried out in rotary furnaces, electric resistance 
heating being employed ; it is apparently not necessary to 
use pure nitrogen, air producer gas, which contains about 
60 % nitrogen, being adequate. With bauxite, a product 
containing 20-26 % nitrogen is obtained, while pure 
alumina gives the pure nitride containing 34 %. The process 
is best used in conjunction with the production from bauxite 
of pure alumina for the manufacture of aluminium by 
electrolysis. Thus, the nitride on decomposition with 
alkalis yields ammonia and sodium aluminate if caustic 
soda be employed ; by precipitation of alumina from the 
latter, a very pure product is secured. 

Large scale operations are being ckrried out in Savoy * 
by the Societe Generale des Nitrures. A Claude nitrogen 
plant, with a capacity of about 10,000 ft. 3 /hr., was recently 
put down for this purpose. There are a number of patents, 
many by the Badische Anilin & Soda Fabrik, dealing with 
the addition of pther nitrida-forming substances to the 
alumina and a&o with the use of other nitrides in the place 
of aluminium nitride. 

(d) The Direct Production ofirCyanides.— There have 
been many proposals for the fixation^ of nitrogqn by the 
production of cyanides ; thus, if barium carbonate mixed with 
carbon be treated with nitrogen at a temperature of about 
1400° C., barium ^cyanide results and on treatment with , 
steam gives barium hydroxide and ammonia. The only 
process, however, whi^h has offered any real prospect of 
being worked on a Ikrge scale is that due to Bucher 
{loc. cit., p. 113), which has recently attracted considerable 
attention in the United States. It depends on the 
action of a mixture of sc^dium carbonate, carbon and a;,, 
small quantity of iron, which acts as a catalyst, on air prodtu^r^l 
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gas at a temperature of about 920^., with the production 
of sodium cyanide. ® 

The product can be converted into ammonij^^f deSred, 
with regeneration of the sodium car1:y)nate and iron. 

This process holds out promise of great advantage over 
most of the other nitrogen fixation processes, on account of 
its crudity ; no electric power is required and pure nitrogen 
is unnecessary. On the other hand, the necessity of external 
heating of retorts to the requisite high temperature, combined 
with the corrosive properties of the reactants at high temper- 
atures, makes transition from a semi-technical scale to large 
scale working difficult. 

(e) The Hausser Process. — ^This process depends on the 
production of oxides of nitrogen on the explosion of com- 
pressed fuel gas-air mixtures (cf. p. 107). 

Comparison of the Power Requirements in various 
Nitrogen Fixation Processes.— Before leaving the con- 
sideration of this very important subject, it will be interesting 
to give some appiroximate figures for the relative power 
requiiemeuts of the different processes described above, in 
terms of 96 % nitric acid as ultimate product. Where 
ammonia is the immediate product, nitric acid is obtained 
by oxidation according to the Ostwald or alhed processes. 



^ 

Arc process. 

Cyanamlde 

process. 

Habei process. 

Serpek process. 

f 

Power required per' 
ton 96 % nitric 

I’io 

0*38 

0'050 

0*2 

acid. K.'W. years 






Cf. Parsons, J. Ind. Eng. Chem., (1917), 829. 

As regards the costs of production, ^he following may be 
taken as an indication of the rMative values of the processes. 
(Norton.) \ • 

Cost per ton of 100 % nitric acid — 

(a) from Chile nitrate at 1914 rates . . • • £20 

(J) by the Arc process with power at o'o 6 S^d.lK..W .H. £12 

(c) by the Cyanamiie process £12 

(d) by the Haber process ^£j 
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Other Applications. ~ Considerable quantities of 
nitrogen,. small in comparison with the amounts used in 
conrfectionwith the above processes, are utilized in the filling 
of “ half-w^t " electric lamps, although nitrogen is rapidly 
being replaced by the more effective argon. The advantage 
of a certain amount of gas (about J atm.) in the bulb is that 
the filament can be run at a temperature 400-600° C. 
higher, with consequent marked increased efficiency, without 
producing “ blackening ” of the bulb. 

Nitrogen is used for the storage and transfer from one 
vessel to another of highly inflammable liquids like petrol. 

High temperature mercury thermometers are filled with 
compressed nitrogen. 

Estimation and Testing of Nitrogen 

In view of its inertness towards reagents at the ordinary 
temperature, nitrogen is usually estimated by difference, 
i.e. by determination of the residue after removal of other 
gases. Oxygen, carbon dioxide and carbon monoxide are 
readily estimated separately by the methods described jinder 
the individual gases. In admixture with hydrogen or other 
combustible gas, nitrogen is usually estimated by passing 
the gas over copper oxide when hydrogen, say, is removed 
and a residue of nitfogen remain^. Mixtures with hydrogen 
lend themselves ^ell to physical methods of analysis. Occa- 
sionally it is necessary actually to absorb nitrogen in order 
to determine the content of rare ga|ies ; in such cases, the 
absorption is best effected by metallic ddcium (cf. Sieverts, 
Z, Elektrochm., 22 , (1916), 15) or by calcium carbide. 

• 
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Section IV.— THE* RARE GASES OF THE 
ATMOSPHERE 


General. — ^The discovery of argon by the brilliant work 
of Ramsay and Rayleigh, has led to the rapid development 
of our knowledge of these minor constituents of the atmo- 
sphere. Recently there have arisen certain applications 
which confer on them the right to be termed industrial ” 
gases. It is interesting to recapitulate the approximate 
volume percentages present in the atmosphere. 


Argon 

Neon 

Hehum* . . 
Krypton . , 

Xenon 

Niton 

Thorium emanation. 


0-93236 % 
o‘ooi8i % 

0-00054 % 

0-0000049 % 
0-00000059 % 

very minute amounts. 


History of the Discovery of the^Rare Ga^es.—In 

1892, certain discrepancies were noticed by Rayleigh between 
chemical " nitrogen and nitrogen produced by removal of 
oxygen from the atmosiphere, the former being some 0-5 % “ 
lighter than the lallfer. 

Two years later Ramsay carried out experiments on the 
treatment of air, after removal of oxygen, with heated 
magnesium which absorbs the nitroge'n. A reduction to 
I /80th of the original volume was effected, and the density 
increased to 16*1 (O2 == 16) ; by furH^er treatment the density 
rose to 19-038. It was at first thought that the new gas, 
which resisted the action of magnesium, bore the same 
relation to nitrogen as ozone does to oxygen, but by gradual 
accumulation of evidenot, it was established that a new* 
element had been isolated. 
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At^this point, RamSSy and Rayleigh cafried out experi- 
ments on a larger scale, with thfc method originally used 
by CaveiWish, viz. of removing nitrogen by combination 
with the o^gen of thf air under the influence of an electric 
discharge. A high-tension arc was run (using about 800 
watts) , in a 50-litre flask of which the inner surface was washed 
by a continuous fountain oi caustic soda solution, the flask 
being supplied with a mixture of air and oxygen. Absorption 
took place at the rate of about 20 litres per hour. The 
process, if desired, can be pushed to completion, but the 
final concentration is better effected by other methods. 
The above investigators also employed the metliod of passing 
atmospheric nitrogen over a mixture of metallic magnesium 
and quicklime (originally used by Maquenne, Comptes Rend., 
121, (1895), 1 14), heated to bright redness. 

In 1889, it was found by Hillebrand that a certain mineral, 
Cl^veite, on heating evolved a gas resembling nitrogen. 
Hearing of this, it occurred to Ramsay that the gas might 
be argon. On carrying out experiments, however, the gas 
was found to be not argon, but a new gas, which was,subse- 
quently (1894) termed ‘^helium.'" Further researches on 
the fractionation of liquid air, which was just becoming 
available on a fairly large scale (cf. p. 69), led to the 

isolation of neon, krypton and xenon. 

« 

Argon 

Occurrence,— Argon is present ^0 the extent of 0*93 % 
in the atmosphere ; it occurs in mineral spiings {e.g. the gases 
from the Wildbad hot springs contain 1*56 % argon and 
071 % helium), in meteorites, and in a few rare minerals 
such as malacone (3{Zr02.Si02)H20). 

Manufacture.— Reference has already been made to 
the preparation of argoq by the action of magnesium mixed 
with quicklime on atnfbspheric nitrogen— it is important 
that the lime used should be free from hydrate and carbonate, 
as otherwise serious explosions may result. Metallic calcium 
can also be used with good e1|ect. 

« A method which appears to be more suited than most 
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for technical operations qp a moderate scale, dfpends’on the 
absorption of nitrogen by calcium carbide. According to 
Fischer and Ringe {Ber,, 41 , (1908), 2017), cf. afeo, Fischer 
and Hahnel, ib., 43 , (1910), 1435, dir was passed into an 
iron retort heated to about 800^^ C. and containing calcium 
carbide mixed with about 10 *% calcium chloride which 
facilitates the absorption at this comparatively low temper- 
ature (cf. the “ Manufacture of Cyanamide," p. 118). The 
nitrogen is absorbed with the formation of cyanamide while 
the oxygen is partly fixed as carbonate, some carbon monoxide 
being also formed. The retort was first exhausted, then 
heated up and air admitted until no further absorption 
was observed ; the contents of the retort were then circu- 
lated in the sequence — copper oxide — caustic potash — 
sulphuric acid — ^phosphorus pentoxide — pump — gas-holder — 
retort— until absorption was complete. Some ii litres 
of fairly pure argon were thus made in two days with a charge 
of 7 kilos, of calcitpn carbide. The chief drawback to the 
process is the fact that the residue of carbide -f cyanamide 
is ver)^ difficult to remove from the retort. 

It is obvious that in the manufacture of cyanamide on the 
large scale, large quantities of argon must be produced in a 
concentrated state, particularly if the nitrogen be prepared 
by the copper process, anrf many thous’hnds of cubic feet 
of highly concentrated argon are sold annually by the 
American Cyanamide Co., for lamp-filling purposes (cf. 
Washburn, Ch^m.m 112 , (1915), 29). For similar 

procedure in- the fixation of atmospheric nitrogen as cyanide, 
cf. Bucher, B.P. 4667/13. 

Residues from the synthetic production of ammonia, 
and from direct nitric acid jnanufacture using oxygen- 
enriched air, with closed circulatory systems, are also possible 
sources of argon. For the latter i^tance cf. Norsk Hydro 
Elektrisk Kvselstofaktieselskab, B.P. 100099/16, according 
to which the circulation is so conducted that the percents^e 
of rare gases is maintained at about 10 %. ^ 

A convenient method of making argon in the laboratory ; 
,,<|^ends on the high argon content of commercial liquid - 
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air " (fctygenj which often contaii^ some 2-3 % argon and 
butc little. nitrogen. For example, Claude {Comptes Rend., 
151 , (191^ 752) describes apparatus for the preparation 
of argon at a rate of 'about 5 litres/hr. from 96 % oxygen, 
passing the same over heated copper and through an iron 
tube containing magnesium, and heated to redness. 

On similar lines is the patent (F.P. 473985/14) of the 
Griesheim-Elektron Co., according to which oxygen as above 
is burnt with the correct proportion of hydrogen either with 
a flame in a water-cooled vessel, or in the presence of a 
catalyst, e.g. copper. A detailed description of a method 
based on this process, is given by Bodenstein and Wachem- 
heim {Ber., 51 , (1918), 265). "Liquid air" oxygen is 
burnt with hydrogen in a small quartz combustion chamber. 
After cooling to remove steam, the exit gases are led through 
a sensitive rate gauge, and the respective streams of oxygen 
and hydrogen are adjusted to give the minimum final gas 
stream, indicating that the proportions are correct. The 
argon is freed from traces of oxygen or hydrogen by passing 
through heated copper and copper oxide, and finally nttrogen 
is removed by an iron tube containing calcium turnings 
heated electrically to 600® C. Even in the laboratory it 
is possible to make argon at a rate of about 0'5 litres per 
hour. « 

For isolating argon in really large quantities, the fraction- 
ation of liquid air probably offers the most promise. Remem- 
bering that the boiling point of argbn lies between those of 
nitrogen and oxygen, it will be understood that the inter- 
mediate fractions will be rich on argon, and various patents 
relate to the effective separation of the argon, mostly 
depending on a further fractionation in a separate column 
(cf. Claude, B.P. 3326/11; Linde, B.P. 24735/14; Filippo, 
Schoonenberg & Naai^oze Vennootschap Philips Metal 
Gloelamp-fabrik, B.P. 101860/16; Fonda, (Gen. Elec. Co.), 
U.S.P. 1211125/17 ; Claude, Comptes Rend., 166 , (1918), 
492). Blockages are sometimes caused in liquid air plant 
by the separation of solid argon, which may lead to explosions 
on incautious heating to remove the obstruction. The final 
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concentration of the argon {e,g. Oxygen +^o % targon) 
separated by the liquid air process may, •of course, be com- 
pleted by any of the above-mentioned processes, e.g. by 
combustion with hydrogen. • 

It must be remembered that the gas referred to above 
as argon, means in most cases admixture of the whole of the 
rare gases of the atmosphere. This obtains with chemical 
means, but when made from liquid air a certain selection 
takes place. 

As regards purification, this is most readily accompHshed 
by treatment with metallic calcium or with lithium (Schloe- 
sing) for the removal of small quantities of nitrogen, and 
by fractional distillation or selective absorption with cooled 
charcoal (see below) for freeing from the other rare gases. 

Properties and Applications. — Argon in common with 
the other rare gases, is distinguished from most other per- 
manent gases by chemical inertness, and by monatomicity. 
Its chief physical constants will be found on pp. 53-55. 

According to Kistiakowsky (1897), argon has the property 
of diffusirf^ through caoutchouc some 100 times as fast as 
carbon dioxide ; according to Dewar (1918), however (cf. 
p. 10), its rate is slower. On passage of the electric 
discharge through the rarefied gas, a brilliant red colour is 
obtained with continuous cuft-ent ; the col9ur of the discharge 
may be blue, however, under certain electrical conditions, 
e.g" with oscillatory currents. The change from red to blue 
is effected when using a«continuous current by the incidence 
of Herzign waves, gfnd an argon-filled Geissler tube may be 
used as a detector for electric waves. The spectrum is 
not very characteristic except when the gas is fairly 
pure, and is thus not of much assistance in detecting 
the presence of argon in nitrogen. A good criterion of the 
purity is to be found in the measdfement of the dielectric 
cohesion. 

Argon shares with the other rare gases the property 
of offering a low resistance to the passage of an electric spark ; 
the value is increased to ^out;2j times by the presence of 
I % air or other impurity. It has been observed that i^t 
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low pressured, spluttering of the electrodes is more marked 
in the electric discharge in argon than in diatomic gases, 
and at a 'pressure of about 0-005-1 mm., argon causes a 
marked Edison effect in incandescent lamps, with increased 
blackening. At higher pressures its action is quite different. 

Reference has already been made to the use of nitrogen 
in the “ half-watt " metal filament lamp (p. 122). Increasing 
quantities of argon are now being employed, both alone 
and in admixture with nitrogen, for this purpose. The 
proportion of argon in admixture with nitrogen for lamp 
filhng may be estimated (Hamburger and Filippo, Z. angew. 
Chem., 28 , (1915), 75) by comparing the vapour pressure 
on cooling in liquid air, with the pressures shown by standard 
mixtures. 


Neon 

Occurrence. — Neon occurs with the other rare gases 
in the atmosphere and also in mineral springs. In the 
atmosphere it is present to the extent of o‘ooi8 % being, 
next to argon, the chief constituent of the inert gas fraction. 

Isolation.—The most convenient method of isolating 
neon is by the separation from air, either entirely by physical 
means or by physical treatment of the residue of inert gases 
produced by the chemical removal of the nitrogen and 
oxygen. Thus, neon was discovered by Ramsay in 1898 by 
the fractional distillation of crude argon. 

According to Claude (B.P, 22316/09), neon and helium 
are separated in the fractionation of liquid air, by, effecting 
the further fractionation of the last portions of the nitrogen 
fraction, i,e. the most difficultly hquefiable portions, which, 
still under pressure, are liquefied in a spiral cooled by the 
released and liquefied nitrog*en. The “ backward return ” 
is used here as in oxygen and nitrogen production. It is 
possible in this way to 6btain a gas containing some 50 % 
neon. 

The further purification of the neon is best effected by 
fractional sorption with charcoal. It was shown by Dewar 
that at —100° C., argon, kr5q)ton and zenon are absorbed, 
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while neon and helium can mostly^ be pumped oS (cf. 

B. P.s 13638/04, 7808/05) * By further treatment at —180° 

C. , the neon in turn is mostly absorbed, and nearly pure 
helium can be pumped off. On warming up the neon is 
disengaged in a fairly pure state. The purification is best 
followed by the density (cf. Table 12(A), p. 53). 

Separation from helium can also be effected by cooling 
in liquid hydrogen, when the neon solidifies, while the 
helium (B.P.— 269° C.) can be pumped off (Dewar, Roy. Soc. 
Proc., 67 , (1901), 329 ; 68, (1901), 362). According to Collie 
and Patterson, tlie passage of an electric discharge through 
hydrogen is accompanied by the formation of traces of neon. 
Measurement of the dielectric cohesion is a good test of the 
purity. 

Properties and Applications.— In the electric discharge 
tube, neon gives a brilliant orange pink incandescence ; by 
means of the spectrum, the presence of neon in o*i c.c. of 
air can be detected. Neon has a very low dielectric cohesion, 
and is much less readily absorbed by the electrodes in a 
dischaige ^be than most other gases. It is on account of 
these characteristics that the chief application of neon 
arises, viz. its use for the Moore lamp. This lamp consists 
of a long glass electric discharge tube, e.g. 20 ft. in length and 
about if ins. to 2 ins. in diameter, filled with neon to a 
pressure of about 2 mm. of mercury. * 

Using a potential difference of about 1000 volts and a 
current of 0*94 ampere, ta spherical candle power of about 
1300 is oljtained. This is equivalent to a power consumption 
of 072 watt/mean spherical candle power, or 0*9 including 
the losses in the transformer. The power factor is about 
0*8. In order to mini mize the trouble experienced by 
absorption at the electrodes, very large cylindrical hollow 
copper electrodes are used, e.g. 6 cm'.^ 2*5 cm. By keeping 
the current density down to i amp .7100 cm. 2, a life of 400 
hours or more can be obtained (cf. Claude, Comptes Rend.^ 
151 , (1910), 1122 ; 152 , (1911), 1377 » Uangmuir and Orange, 
Amer. Inst, Elec. Eng., (iqi^), I 935 )- The colour effect 

can be corrected by using contiguous tubes containing 
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hydrogen. Using nitrogen in the discharge tube, some three 
times the potential difference is required, and only one-third 
the light is produced. In the case of a neon-filled tube, 
the intensity of the light is greatly reduced by the presence 
of nitrogen. 

Neon is manufactured in Paris on a scale sufficient to 
fill some 1000 tubes of looo candle power, i.e. about i ft.^ 
of neon, per diem. A liquid air plant producing 1750 ft.^ 
of oxygen per hour, is stated to yield some 3 '5 ft.^ neon per 
diem. 

Neon tubes can be used for the detection of Herzian waves. 

Helium 

Occurrence.— Allusion has already been made to 
Ramsay’s discovery of helium in 1894, ignition of 

cl^veite. Its presence in other minerals containing radio- 
active elements, e.g. uranium and thorium, was subsequently 
discovered. Such minerals are fergusonite, samarskite, 
monazite sand, etc. It was discovered by Soddy in 1903, 
that helium is a product of the disintegration of r&dio^active 
bodies, the alpha particle shot off in such disintegration 
being, in fact, a charged helium atom. 

The presence of helium in minerals has been the subject 
of much discussion by worker^ in radio-activity, the chief 
interest centering round the physical or chemical state of the 
helium in the mineral. Since the gas is only slowly expelled 
by heating, etc., the possibility of chgmical combination 
seemed not out of the question. It was, however, demon- 
strated that practically all the helium could be liberated by 
very fine subdivisiqn of the mineral ; it ’appears, therefore, 
that the gas is imprisoned^ in very fine cavities, under a 
pressure of the order of 200 atmospheres. 

Helium also occurs iff the atmosphere (isolated by Kayser 
in 1895), in the sea, in meteorites, in the hotter stars, in 
mineral waters, e.g. the gases from the Bath springs contain 
0*12 % helium, and those from the Wildbad springs 071 %, 
and in natural gas, which contains up to about i % helium 
.^f. Cottrell, /. Soc, Chm. Ind,, (1919), 121 T.). 
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Manufacture.— ProJ)ably the m^t convenient Inethod 
of preparing helium is from one of the above-mentioned 
minerals. The elimination may be effected by heating the 
mineral to redness in an iron tub& which has first been 
evacuated, or freed from air by displacement with carbon 
dioxide. A temperature of ^000-1200° C. gives better 
results, a porcelain tube being used. Alternatively, the 
mineral may be heated with sulphuric acid, which treatment 
gives twice the yield obtained on heating alone, but has the 
disadvantage of being very slow ; or it may be fused with 
potassium hydrogen sulphate in a hard glass tube. With the 
sulphuric acid treatment, 100 grams of cleveite yield some 
500 c.c. of helium, which is obtained in a fairly pure state 
after removal of the carbon dioxide. The cost of production 
in this way is about £1 per litre. 

Purification from neon and argon is described imder 
“Neon,” the helium resisting sorption and liquefaction ; the 
charcoal method g^ves the best results. Hydrogen may be 
separated in a similar way by reason of its greater sorption 
by ch^rco*al at liquid air temperatures. Nitrogen and hydro- 
gen may be removed by the action of metallic magnesium 
plus quicklime and of copper oxide respectively. 

Properties and Applications.— Helium is the most 
difficultly liquefiable of all known gaSef^ and was first 
liquefied by Kammerlingh Onnes (Comptes Rend., 147 , 
(1508), 421), the requisite cooling being effected by the 
evaporation of liqyid hydrogen under reduced pressure. 

Under the influence of the electric discharge, a brilliant 
yellow incandescence is obtained. As in the case of argon, 
a helium discharge tube may be used /or the detection of 
electric waves porn, Annalen,l4], 16 , (1905), 784). 

Next to hydrogen, helium is the lightest gas known, the 
weight of one litre at N.T.P. being 0-1785 gram. The u8e 
of helium for filling balloons has been proposed on account 
of its non-inflammability, and its high lifting power, which' 
is 92 % of that of hydrogen (cf. p. 233). Other advan- . 
tages are the possibility of increasing the buoyancy by- 
^'electrical or other heating, and the lower rate of diffusion 
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througfi the Walloon ^abric. Durii^ the war, a process of 
isolation of helium from natural gas by fractional distillation, 
has been worked out in America. It is stated that plants 
have been erected withW output of 50,000 ft.^/day of 93% 
helium, at a cost of about £20 per 1000 ft.^ {Chem. Trade 
/., 64 , (1919), 99; Nature„\^, (1919), 487; Cottrell, loc. 
cit., p. 130). 

Kkypton and Xknon 

Occurrence. — Krypton and xenon were discovered by 
Ramsay in the dregs from some 30 litres of liquid air. They 
are present in very small proportions in the atmosphere 
(cf. Table 15), also in mineral springs, mine gases, etc. 

Isolation and Properties. — Krypton and xenon are 
most conveniently isolated by the method proposed by 
Dewar (Roy. Soc. Proc., 68, (1901), 362), which depends on 
the fractional condensation of these, the most easily conden- 
sible of the permanent gases of the atmosphere. A tube 
packed with glass wool is cooled in liquid air, and air drawn 
through at a sufficiently reduced pressure to prevei?t conden- 
sation of other constituents. Krypton, xenon and a little 
argon are deposited on the glass wool in the solid form. 
The two elements can be separated owing to the difference 
in their vapour pressures at the temperature of liquid air, 
krypton 17 mm.^ xenon 0*17 mm. ; the former can thus be 
pumped off, leaving the xenon. Charcoal may be employed 
at about —120° C. in a similar planner (Valentier and 
Schmidt, Sitzmgsher. Kgl. Preuss. Akad) Wiss., 38 , (1905), 
8ib). 

Under the influence of the electric discharge, krypton 
gives a pale violet dnd xenon a sky-blue colour. There are 
at present no special applications for these gases. 

' Niton 

Radium emanation or niton represents the first stage in 
: the disintegration of radium, and has been shown to belong 
.to the group of inert monatomic gases, having all the 
’^ characteristics of a true gas. « It is present in minute amount 
’ in the atmosphere, together with thorium emanation. It 
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is slowly converted into helium with\crease to thr^ timpg 
its original volume, its ‘“period of dec^ ’’ (to half value) 
being 3*8 days. • 

Niton exhibits a characteristic spectrum, like the other 
rare gases. Owing to its radio-active nature, niton is used 
to a considerable extent^ though necessarily in very minute 
quantity, in the treatment of cancer, etc. For further 
details of this interesting element, reference must be made 
to works on radio-activity. 
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Section V.— OZONE 


Occurrence.— Ozone occurs in minute quantities in the 
atmosphere, particularly in the upper strata. This distri- 
bution can be explained by the action of ultra-violet light, 
which is known to produce ozone, and which is largely 
absorbed before reaching the lower layers of the atmo- 
sphere. A considerable amomit of work on this question 
has been carried out by Priiig (Roy. Soc. Proc., 90 , A, (1904), 
204), who found that at an altitude of 7000 ft. the concen- 
tration was 0*00025 % by volume (0*005 gram/m.^), and 
at 11,700 ft., 0*00047 %. 

Ozone is sometimes present in mineraj waters, c.g. to the 
extent of 0*2 c.c./litre of water. 

The presence of ozone in the upper strata of the atmo- 
sphere is of interest in connection with the colour of the sky 
on account of the blue colour of ozone. The amount present 
in the atmosphere at the surface of the earth, never exceeds 
0*00001 %. Ev^p( 5 ration of water is operative in the produc- 
tion of small quantities of ozone. 

Properties. — Ozone is a permanent gas of which tlie 
physical properties will be found on p{). 53-% 6. It has a faint 
blue colour and a powerful and characteristic odom which 
renders possible its detection by smell at a dilution of the 
order of 0*0002 % (Fring), while quite small concentrations 
have an irritant action on the mucous membrane. 

Ozone is an allotropic modification of oxygen, consisting 
of 'three atoms of oxygfn. Its constitutional formula is 
probably 0 = 0 = 0 . Its production from oxygen is strongly 
endothermic, thus — 

3O2 = 2O3 — 68,000 calories 

•1/ike all endothermic gases, ozone is only stable at a very 
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Mgfi temperature, "this, according '\l the l^ernst* Heat 
Theorem (Nernst, Z. ^ektrochem., 9 , \1903), 891), the 
equilibrium in oxygen would be about 10 % at a temperature 
of 6640® C., whereas at 3230° C. the Corresponding value is 
I % and at 2183° C., O'l %. Consequently ozone is in a con- 
dition of metastability under ordinary conditions. At the 
ordinar}^ temperature, however, the rate of decomposition is 
fairly slow. At 100° C. the decomposition is relatively rapid, 
while at 300° C. it is practically instantaneous. Conversion 
into oxygen is accelerated by the presence of various catalysts 
such as metallic oxides, chlorine, etc. According to Chapman 
and Jones (Chem. Soc. Trans., (1910), 2463; (1911), 1811) 
the rate of decomposition is unaffected by the presence of 
nitrogen, carbon dioxide and possibly water vapour. 

As a consequence of the above characteristics, ozone has 
very powerful oxidizing properties, generally furnishing one 
atom of free oxygen, the volume remaining constant, c.g. 
in the action on potassium iodide in solution, with liberation 
of iodine— 

2KI + O3 + H2O = 2KOH + O2 + 12 

On the other hand, in some reactions, all three atoms of 
oxygen enter into combination, as, e.g. in the absorption of 
ozone by turpentine or oil of cinnamon. *• 

In the presence of water, ozone attacl?s many metals. 
Thus, the properties of mercury are completely modified by 
the action of a i^ere Iwrace of ozone, the metal becoming 
drossy, Josing its Convex surface and adhering to glass. 
Similarly, most organic substances are rapidly oxidized ; e.g, 
indiarubber cannot be employed in contact with ozonized 
air. Paraffin wax or concentrated sulphuric acid may be 
used as a lute. 

By reason of its unstable nattfie, ozone has never been 
isolated in a state of even approximate purity in the gaseous 
state. The highest concentration which has been realized 
in the gaseous state, in oxygen, is some 28 % by weight 
( = 22 % by volume). Xadei^burg {Ber.,Z\, (1898), 2508, 
2830), however, by careful fractionation in the liquid st£rte, 
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obtained anUxygej?^zone mixture containing about 86 % 
ozone, on the assiimption that the formula is O3. 

There is, however, considerable doubt as to the correctness 
of this assumption, thus Harries (Ber., 45 , (1912), 936; Liebig's 
Annalcn, 390 , (1912), 235) considers that one-third or more 
of the ozone '' is reall)^ O4 or possibly Og. This conclusion 
is based on a study of the constitution of certain ozonides. 
By the action of ordiiiar)^ ozone, two distinct classes of 
ozonides are produced, one of which corresponds to the 
addition of O4. On washing the crude ozonized gas with 
dilute caustic soda solution, the so-called " oxozone,” i.e. 
O4, Og, etc., is removed and a single ozonide results. Sir 
Joseph Thompson has shown that at least nine substances 
are formed by the passage of an electric discharge in oxygen 
(Chcm. News, 103 , (1911), 265). 

Liquid ozone has a dark blue colour, is not very mobile, 
and is more magnetic than liquid oxygen. It is a 
dangerous substance, as in contact with organic matter 
it explodes violently. The solid substance has not been 
described. 

Ozone has a characteristic spectrum, and its solubility 
in water is probably of the same order as that of oxygen 
(cf. p. 93), but considerable uncertainty exists on this point. 

< Production of Ozone 

General.— The first recognition of ozone was by Van 
Marum in 1785, while much of the classical work which 
determined the constitution of this gas is due to S(;h6nbein, 
Soret and Brodie. The difficulty of investigation was 
greatly increased by the fact that, except at very low temper- 
atures, ozone could not be obtained in even an approximately 
pure state. 

t In consequence of th 3 endothermicity of ozone, it is fairly 
obvious that the conditions suitable for its production 
from oxygen are the attainment of a very high temperature 
and then a rapid freezing of the equilibrium. Ozone is also 
produced in the liberation pf oxygen from its compounds 
ai^the ordinary temperature. 
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The different methods of producing oz^ji^e ma>^ be classified 
under the following headings : — 

(a) Chemical methods. 

(b) By the thermal treatment of oiygen. 

(c) By electrolysis of aqueous solutions. 

(d) By photochemical means. ^ 

(e) By the electric discharge in air or oxygen. 

In connection with ozone production, it is usual to 
express the ozone content of air, etc., in terms of grams of 
ozone per cubic metre, the units being of a convenient order 
of magnitude. In some cases, however, the concentration 
is expressed as one part in a certain number of parts of air, 
and considerable confusion is due to the lack of clearness in 
many instances as to whether the basis of comparison is 
weight or volume. 

It is useful to note that since 48 grams of ozone have at 
15° C. a volume of 23*6 litres, one gram of ozone per cubic 
metre is equivalent to % by volume, and since one cubic 
metre of air at 15° C. weighs 1225 grams, to about % by 
weight? P*or the sake of simpHcity, the formula is here 
taken as O3. 

(а) By Chemical Methods.— Ozone is produced in small 
amount during the slow oxidation of phosphorus in moist 
air, and by the action of flfforine on watcr.^ Better yields 
are obtained by the treatment of barium peroxide, potassium 
perfnanganate or potassium dichromate with concentrated 
sulphuric acid. Wijjh permanganate, the action is dangerous 
and should not be performed except with very small quantities. 
According to Malaquin (J. Pharm. Chim., [viii.], 3 , (1911), 
329), good results* are obtained by heating carefully to 60- 
70° C. a mixture of 20 grams of ammonium persulphate 
and 15 grams of nitric acid of S.G. i’33, in a flask from which 
the air has been displaced by a current of carbon dioxide. 
When freed from carbon dioxide, Ihe gases contain some 
3-4 % by volume of ozone and 4-4*5 % nitrogen. 

(б) By Thermal Treatment of Oxygen,— While, as 
stated above, the equilibrium, concentration of ozone in 
oxygen is calculated by Nernst as some 10 % at a temperatute 
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of 66s^o‘^ Of^lSlibriiim is so^ unfavourable at looo** C*. 
that I % of ozone is reduced to 0*001 % in 0*0007 second 
(Clement, Annden, [4], 14 , (1904), 334). Any process 
operating by simple &at treatment must obviously provide 
for very rapid cooling. Thus the Charpentier process depends 
on the rapid cooling of a flapie by sudden dilution with a large 
volume of secondary air ; it is claimed that an ozone concen- 
tration of I gram/m ,3 can be realized in this way. By 
heating a Nernst filament immersed in liquid oxygen to 2000® 
C. (Fischer and Brahmer, Ber., 39 , (1906), 940; Fischer and 
Marx, Ibid., 40 , (1907), iiii), an ozone content of 3*9 % by 
weight was obtained. 

When operating with a Nernst filament in dry air, some 
oxides of nitrogen may be formed according to the conditions, 
slow cooling being favourable. Thus with air linear velocity 
of about 16 ft. /sec. for dry air, or 23 ft./sec. for moist air, both 
ozone and oxides of nitrogen are produced ; below this 
speed only oxides of nitrogen result, w,hile at a velocity of 
over 100 ft./sec. , only ozone is formed. With a linear velocity 
of 206 ft./sec., an ozone concentration of 0*23 gAm/m .3 
has been obtained with a production of 1*28 grams/K.W.H. 
(cf. Fischer and Marx, Bcr., 39 , (1906), 2557, 3631 ; 40 , 
(1907), 443 ; Fischer, B.P. 3^92/07). 

{c) By Elef ttolysis.--For 'the production of ozone by 
this method, the best yield is secured by the use of dilute 
sulphuric acid containmg 15 % H2SO4. The conditions 
favouring the production of ozontf are Jow temperature of 
the anode and electrolyte, and a high current density at the 
anode, e.g. 80 amp^res/cm.2, a not too easy combination. 
Thus, by embedding platinum foil in glass' and grinding away 
so as to expose the edge only, a concentration of 23 % ozone 
by weight (16*7 by volume) in the oxygen evolved was 
fealized (Fischer and'^Bendixsohn, Z. anorg. Chem., 61 , 
(1909), 13, 153). In another series of experiments the anode 
was coated with glass except for a small slit, and maintained 
at a temperature of —14® C., while the electrolyte was kept 
at 0° C. In this case the oxygen contained 28 % by 
^veight of ozone (22 % by volume), and the yield 
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grams/K.W.H. (Fischer ai^d Massenez, Z>,^norg. Chem, 52 , 
(1907), 202, 229). 

By superimposing an alternating current on the usual 
direct current, Archibald and v. Waftenberg (Z. Elektro- 
chem., 17 , (1911), 812) increased the concentration of ozone 
with reference to the oxyge» liberated by the direct current, 
37 % by volume, the improvement being due to the 
depolarizing action of the alternating current, but dilution 
by the gas hberated by the alternating current reduced the 
percentage to 6 %. With a greater ratio of direct current 
to alternating current, the ozone corresponding to the direct 
current was, in one case, 15 %, that in the actual gas mixture 
12 %. 

{d) By Photochemical Means. — Ozone is produced by 
the action of ultra-violet light or electrical radiations on 
oxygen, and as with the silent discharge the action is re- 
versible. According to Pring the maximum concentration 
attainable by the action of ultra-violet light is 0*15 % by 
volume, when using air, and 0*2 % with oxygen. 

(e) By tlie Electric Discharge.— The only method of 
making ozone which possesses any technical importance, 
is that depending on the action of the so-called silent 
discharge " on oxygen or air. On the other hand, the 
electric spark produces practfcally no ozoi^, ^as the gas is 
rapidly decomposed by the spark. The first form of ozonizer 
is du^ to Siemens in 1857 {vide infra). 

The precise mech^nisiA of the process is still ^somewhat 
obscure. Jt has been suggested that the action is an effect 
of ultra-violet light, and that the process is really a photo- 
chemical one. • , 

Using this process, the effi(;iency is enhanced by (i) 
keeping the temperature low ; (2) using oxygen instead of 
air ; (3) drying the air or oxygen ; 3 nd (4) increasing the* 
pressure. Since the formation of ozone from oxygen is 
accompanied by a decrease in volume, it follows that an 
increase in pressure is 4yourable to ozone production. 
The question is, however, complicated at pressures above 
atmo^heric by the effect of increased pressure on the* 
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electric discllarg^^.^fself. The result appears to be that the 
optimum pressure is about i atm. The action is a reversible 
one, and the highest concentration realized in this way at 
the ordinary temperature is about 25 % by weight = 18 % 
by volume (cf. also Goldstein, Ber., 36 , (1903), 3042). 
Further details relating to this process will be found below. 

By operating under reduced pressures at liquid air 
temperatures, Briner and Durand (Comptes Rend., 145 , 
[1907), 1272) effected a conversion of 99 %. The best results 
i/vere obtained at a pressure of 100 mm., the ozope lique- 
fying out as it was produced, with consequent reduction of 
the pressure to i mm. 

Manufacture of Ozone 

General Principles of Ozonizers 

Influence of the Character of the Discharge. — It 

tias been mentioned above that the only commercially 
important method of making ozone is that depending on the 
iction of the silent discharge. Generally speaking, ozonizers 
:onsist of two electrodes separated by a gaseous or solid 
iielectric, and maintained at a potential difference of the 
5rder of 10,000 volts while a stream of air or oxygen is passed 
:hrough the skpparatus. Alternating current is usually 
employed, being obtained by the use of U step-up trans- 
former with a periodicity up to 500 cycles per second. • 

According to Warburg and L^ithauser (Annalen, [4], 28 , 
[1909), i) the current density and consequently^ the ozone 
Droduction, are roughly proportional to the frequency. 

If direct current be employed, the use of points on the 
)ositive electrodes, combined with high current density, 
eads to the highest yields with moderate concentrations, 
:.g. 4 grams/m. 3 , while a reversal of conditions with a low 
mrrent density favour's the attainment of high concentrations 
•S- 4”9 grams/m .3 (Warburg and Deithaiiser, Annalen, [4], 

(1906), 734). 

Broadly speaking there are three types of electrodes: 
l) lanre smooth electrodes. e.P. parallel nlates or rnnpetifrir 
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cylinders ; (2) electrodes w^th points : ands,(3) combinations 
of (i) and (2). 

The production of ozone appears to be proportional to 
the current and independent of the vo/tage (Gray, Annalen, 
[4], 13 , (1904), 477). Increase of capacity in the circuit is 
favourable to ozone production aii^d large electrode area and 
short distance of separation operate in the same direction. 

Influence of Dielectrics. — If the dielectric be air, 
the dividing gap is usually about 13 mm., and must not be 
decreased below 7 mm. (Vosmaer), and the maximum 
potential difference used is about 10,000 volts. No apparatus 
using air as dielectric appears to have had much success, 
and most modern forms use glass as a dielectric, the regu- 
larity of the discharge being increased and the danger of 
sparking thus being minimized. 

Sparking is very detrimental as it leads to decrease of the 
ozone concentration and, moreover, to the formation of 
oxides of nitrogen. ^^With a single thickness of 1-2 mm. 
of glass, a potential difference of 10,000 volts may be used, 
while 26,000-25,000 volts may be employed with double 
thickness. Using “ vitreosil ” (fused silica), a potential 
difference of 30,000 volts is permissible with a thickness of 
I mm. This material has the further advantage of not 
losing its dielectric properties* with increa»f"lTl’ temperature 
in the manner exhibited by glass (Vosmaer). 

Relation between Energy, Concentration, and Pro- 
duction. — ^The yieldf^obtsined in commercial apparatus vary 
greatly frcun one type to another, particdarly as the design 
of some ozonizers is directed towards high efficiency, whereas , 
that of others aim'fe at simplicity and Robustness at the 
expense of output, but when using dry air and keeping the 
temperature down, it may be taken that the relation between 
concentration and the yield per K.W.H. is somewhat as^ 
follows (cf. Erlwein, Z. Sauerstoff w. Stickstoff Industrie, 
8, (1911), 130, 143, 164, 181) 


Concentration of ozone. 
Grams/m* 

I 

2 

• 

3 

4 

5 

6 

7 . 

, Yield. Grams/K.W.H. 

62 

50 

36 

23 

13 

8 

5 
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Qn account o^he rapid falling off of the efficiency with 
•increase in concentration, the latter is naturally kept at as 
low a value as possible for the particular application in 
question. With th^' usual commercial concentration of 
about 2 grams/m. 3 , and using dry air with efficient cooling, 
the yield is usually about 40-60 grams/K.W.H. On 
substituting oxygen for 'air, the production increases to 
120-180 grams/K.W.H., even this being, of course, far below 
the theoretical yield corresponding to the expenditure of 
electrical energy (Erlwein, loc. cit). 

In comparing the costs of production of ozone by different 
ozonizers, it is important to see that the yields given are ex- 
pressed in terms of an ozone concentration of 1-2 grams/m^. 
The cost of production from air is consequently of the 
order of 1/3 to 1/9 per kilo, ozone, inclusive of overhead 
charges with current at about o‘5if./K.W.H. 

Influence of Moisture.— The presence of moisture 
in the air or oxygen to be ozonized has a marked influence. 
Thus, the presence of 7 mm. of water vapour (about i % by 
volume) lowers the production by about 6 % in* th& case of 
oxygen and 30 % with air (Warburg and Eeithauser, 
Annalen, loc, cit.). 

Influence of Temperature.— The effect of raising the 
temperature of^e air to be ozonized from 20° C. to 80° C. is 
to decrease thfe production to about 60 % of its former value 
(lyinder, Trans. Amer. Inst. Chem. Eng., 3 , (1910), <t88), 
while the results given below were^obtained by Warburg and 
Eeithauser (loc. cit.) from ozonizer tests with constant flow. 



Temperature X. 

( 

Grams orone per 
ampere uour. 

Grams ozone/m-'*. 

Air 

/ 20 * 

467 

1*76 

\ 80 

338 

1*26 

^Oxygen 

00 0 

HI 00 

429 

425 

b b 


The following table gives the relation between the percent- 
' age of ozone and the temp/jrature in the case of a particular 
’bzpnizer (not operating under commercial conditions), the 
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conditions otherwise beiijjg constant and oj^gen being 
used (Beill, Monatsh. Chem., 14 , (1893), 71). 


Temperature ®C. 
Percentage ozone 

-73 

1 

-46 

—20 

0 

f 

20 

35 

78 

100 

132 

(by volume) . . 

10 

92 

7*9 

* 

5*2 

4*7 

3 

I' 3 

0-8 

0*3 


At liquid air temperatures complete conversion can be 
realized, the ozone liquefying out as produced. By employing 
refrigeration in conjunction with an ozonizer, Steynis (cf. 
lyinder, loc. cit.) claims to have secured a yield of 105-250 
grams ozone/K.W.H., at a concentration of 4 grams/m^. 

Materials of Construction.— In view of the action 
of ozone on steel, etc., various special alloys have been used 
in the construction of ozonizers and accessory plant, e.g. 
chrome steel, nichrome, aluminium alloys, etc. Shellac 
and “ bakelite " also resist the action of ozone. 

Construction dnd Production of the Various 
. •Commercial Types of Ozonizers 

As regards the patent literature relating to the manu- 
facture and utilization of ozone, the specifications are so 
numerous and the value of the majority so doubtful, that it 
is impossible to deal with individual patent; 5 ^ the present 
volume, and information must be obtained froA the Abridge- 
ments of Specifications, Class 90, for British Patents. 

The first ozonizer waj introduced by Siemens in 1857, 
and is tyipcal of all others. In its original form it consisted 
of two concentric glass tubes with tin-foil inside the inner and 
outside the outer tube, the air or oxygen being passed through 
the annular space. A modification introduced by Berthelot 
was the replacement of the tin-foil by a liquid conductor, 
e.g. water, dilute acid, etc. • 

The commercial Siemens and Halske system consists 
of 6-8 glass tubes surrounded by water in a cast-iron casing. 
Aluminium electrodes disposed inside the glass tubes form 
one set of electrodes, while the ^ water serves as the other 
electrode. Using 8000 to 10,000 volts, a yield of some 50 



144 ^INDUSTRIAL GASES 

C 

grams ozone/K.W.H. at a concei^tration of 2‘5 grams/m.® is 
loljtained. 

The apparatus of the General Electric Co. is similar to 
the Siemens and Halske, but instead of aluminium, enamelled 
iron is used for the inner electrodes. 

The older types of the^ Otto system employed a rotating 
central electrode consisting of aluminium discs in an iron 
cylinder in order to break up any spark discharges, no 
dielectric being used; in the later forms this method is 
abandoned and glass is used as a dielectric. 

The Tindal de Frise system employs no dielectric and has 
a series of serrated semicircular aluminium discs, in a water- 
cooled iron trough. To prevent sparking, a series of glycerol- 
water resistances is included in the circuit. 

In the Abraham-Marmier system, glass plates one square 
metre in area are interposed between water-cooled metal 
plates connected alternately to opposite terminals. Short- 
circuiting through the cooling water is prevented by the use 
of water showers. 

The Ozonair system uses electrodes of alunilnium alloy 
gauze separated by mica sheets, the air being passed between 
the plates. Several pairs mounted in a case form a unit. 
The use of the gauze is claimed to prevent sparking, while 
the open cohstfhction leads t6 efficient cooling without the 
use of water. The potential difference is about 7000 to 
9000 volts. 

According to the Howard-Bridge sy,stem a glass cylinder 
has an outer aluminium electrode and an inner poncentric 
metal tube serving as electrode, through holes in which the 
air enters the ozoi\izer. 

The original Vosmaer system employed no dielectric, 
the discharge passing between a toothed electrode and a 
\)late. Sparking was |)revented by the insertion of a con- 
denser in the electrical 'circuit. A dielectric is used, however, 
in the later forms which consist of a series of cells in a casting 
of grid form, the separating walls being lined with glass 
plates, and each cell enclosing a sharp-edged electrode. In 
£he units of loo-iooo watts capacity, a yield of more than . 
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50 grams/K.W.H. at a ^conceutration of i gram/ra.^ is 
claimed. 

) 

The Gerard S5^stem, made by the Westinghouse Co., 
makes use of a double dielectric consisting of two concentric 
glass tubes with metallic sheathings inside the inner and 
outside the outer tube respectively^. The air is passed between 
the tubes. Groups of about 10 elements are mounted in 
a tank filled with oil. Very high production, viz. 80 
grams/K.W.K. at a concentration of 3 grams/m. 3 , is claimed. 

Applications of Ozone 

Water Sterilization. — Of the various applications of 
ozone, the sterilization of potable water is the most important. 
The problem of the sterilization of drinking water, ix. the 
removal of the bacteria, or at any rate most of the pathogenic 
ones, can be solved in a variety of ways. Among these may 
be mentioned (i) sand filtration ; (2) treatment with chlorine 
and subsequent removal of the excess by means of sodium 
sulphite or ■'other suitable anti-chlor (3) treatment with 
ozone ; and (4) treatment with ultra-violet light. Of these 
sand filtration is most commonly adopted when dealing with 
waters not specially contaminated. The use of clilorine, etc., 
although very effective as regards sterhizajluil^ is not very 
suitable for the preparation of potable water, except in special 
cases, as e.g. in the field, on account of the usual residual 
taste imparted to the ivater. Ultra-violet light has an 
effect on^the water similar to that of ozone, but the ultra- 
violet light treatment is useless if the water be even shghtly 
turbid. • 

Ozone treatment has manjr advantages in that the 
sHght excess left in the water is unimportant since it rapidly 
disappears, also the taste of the wa*ter is unaffected eithe/ 
by noxious products or by action "bn the salts to which 
drinking water owes its pleasant taste. In treating water 
with ozonized air, it is important that the water should be 
free from suspended matter, froiji organic matter, and iron, 
as ozone is used up thereby. Some 50 % of any organic 



INDUSTRIAL UASES 


matta: is oxidized by the ozone, jill three atoms of oxygen 
^ajtidpating in the reaction, while any organic iron is con- 
verted into ferric hydroxide which separates out and clogs 
up the plant. The preliminary removal of ferrous iron 
is effected by aeration, that of ferric iron is difficult except 
by the ozone treatment, apd it i» therefore often necessary 
to remove the precipitated ferric hydroxide by subsequent 
filtration or by similar treatment. The ozone required 
varies according to the amount of organic matter in the water; 
it may lie between 2 and 35 grams/iooo galls, of water, but 
averages about 10 grams/iooo galls. 

The concentration of the ozone should be from 2 to 2*5 
grams/m .3 of air, although a concentration of only i gram/m.^ 
is sometimes employed, e.g. at St. Maur. It follows that the 
volume of air is roughly equal to that of the water, when 
ozone is used in concentration of 2 grams/m. 3 , since 10 grams 
of ozone are present in 5 m.^ = 1100 galls, of air. After the 
ozone treatment, only the harmless ba9teria remain in the 
water. 

Broadly speaking there are three main typis df plant 
for the treatment of water with ozonized air : (i) those 
operating with towers filled with packing, down which the 
water trickles meeting the ascending current of ozonized air ; 
(2) those depenftng on the use^of a tower fitted either with 
horizontal perWated plates, the ozonized air and water 
flowing in co-current upwards, or without baffles and With 
the water flowing downwards in «oun1;pr-current ; and (3) 
those in which the air is injected in the form of smajl bubbles 
into a rapidly moving column of water. 

In all cases, th^ object is to effect vefy intimate contact 
between the water and the sparingly soluble ozone, the action 
of which when once in solution is very rapid. Of the three 
Systems, (2) probably pves the most efficient contact. In 
most modem plants, a combination of the above systems 
is adopted, the water being first put through a sand 
filter. 

}: In class (i), we have the Siemens and Halske and the 
Abraham-Marmier systems. Towers packed with stones; 



OZONE 


147 


or the like are employed? and the unused ozone is refumed 
to the ozonizer. ♦ 

To class (2) belongs the Siemens de Frise system, being 
a combination of the Siemens and Halske ozonizer and the De 
Frise scrubber. In this case, the ozonized air is injected 
into the bottom of a tower fitted with perforated baffle 
plates which serve to break up the air into small bubbles. 
The Vosmaer system, on the other hand, employs no baffles 
and has counter-current flow. The Gerard and Tindal 
systems are similar to the above. 

The Otto system represents class (3), and depends on the 
emulsification of the air by a Korting injector operated by 
the water. The injector sucks in the air, the action being 
completed by continued contact in passing down a vertical 
pipe, some 15 feet in length. One objection to the Otto 
system is the comparatively small volume of air taken in, 
and the consequent necessity for the high ozone concentration 
of 3 grams/m. 3 . The Howard-Bridge system is similar. In 
the Ozonay system, the water is first atomized into ozonized 
air in the upper part of a tower of which the lower part is 
occupied by packing. The ozonized air is injected through 
special nozzles into the water in a tank which is fed by water 
flowing down the tower, and then passes 05 J# ascend the 
tower. After treatment, the water is exposed to the atmo- 
sphere by flowing down a series of steps, in order to remove 
the excess of ozone. 

As regards power ^requirements, it can be stated 
that for^ 1000 galls, of water, from 0’2 to 07 K.W.H. is 
usually required, while the cost (pre-war) varies from \d, 
to id., plus overhead charges, per 1000 gtiUs. 

There has been little application of the ozone treatment 


of water in this country, chiefly on amount of the high quality ' 
of the water used in most Engli^ towns. An Ozonair 


plant has, however, been installed in Knutsford. There are ! 


many plants on the Coptinent and in America. A plant 
at Paris, for example, treats some 400,000 galls, of water 


per hour. 


The air to be ozonized is dried by the use of calcium!!^ 
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chlorifle or, preferably, by refrigeifetion. The ozonizers are 
^viays connected in parallel, about 10,000 volts generally 
being used. According to Vosmaer, the difficulty of packing 
materials for the pumps used in the injection of the ozonized 
air is overcome by the use of celluloid piston rings. 

Portable ozone outfits v^ere u^ed for treatment of water 
in the field by the Russian Army in the Russo-Japanese war. 

vSmall a])paratus for attachment to any ordinary house- 
hold water-tap are on the market, mostly working on the 
filter pump (Otto) system. 

Air Purification. — Ozone is used on a considerable 
scale for freshening the air in crowded buildings, underground 
railways, hospitals, abattoirs, cold stores, etc. It has also 
been used with success in breweries for the air of fermen- 
tation rooms, etc., having a beneficial effect on the yeast, 
probabl}' due to the elimination of adventitious enzymes. 

On account of the irritant properties of ozone, it is not 
possible to use concentrations sufficiently high to exhibit 
any marked germicidal effect. Thus, bacteriological action 
requires a concentration of about 0’5 gram/m. 3 , wHile the 
highest concentration in which breathing is tolerable is of 
the order of o'ooi gram/m.^.* Ozone is, however, efficacious 
in removing^ the noxious organic exhalations present in 
crowded room^, much of the* discomfort of “stuffiness” 
being due to the presence of these organic compounds. At 
the same time an agreeable freshness is imparted to the‘air. 
For the best results, according to Vosmaer, the ozone should 
be present to the extent of o*oooi gram/m. 3 , and in any 
case, not more than 0‘00i gram/m. ^ is permissible. At 
such a low concentration the yield is of" the order of 100 
grams/K.W.H. 

The Central lyondon (Tube) Railway is supplied with 
ozonized air by the Ozonair system. The procedure in this 
case, which is typical of similar installations, is as follows. 
The air is drawn by a fan through a gauze screen filter 
moistened with a spray of water which retains dust and cools 
the air. A small fraction of the air is then dried and led 
through the ozonizer, after which it is returned to the main 



WdNi 


U9 

stream. Most of the pla^^ts on the above railway trea| some 
360,000 ft. 3 of air per hour ; the cost is stated to be ryi. 
per million ft . 3 of air treated (pre-war). Small plants of 20 
to 25 watts capacity are made for in rooms of 3000 ft . 3 
content. 

Chemical Applicatiojis. — Ozone also finds application 
in the manufacture of various organic compounds, its function 
being that of an oxidizing agent. Thus, it is used on a 
fairly extensive scale in the manufacture of artificial vanillin 
from isoeugenol, a factory at Courbourg, Paris, employing a 
100 H.P. plant for making vanillin by the Verley process. 

A similar plant is also in operation at Niagara. 

Ozone is employed in the manufacture of artificial 
camphor (Schering) and artificial silk, for the bleaching of 
oils, waxes, sugars, etc., in the production of ozonides {c.g, of 
caoutchouc), scents and in many other organic reactions. It 
has been applied with success to the production of transparent 
varnish from linseed oil, also to the refining of the same. 

Other Applications. — Among miscellaneous appli- 
cations nftiy be cited the sterilizing of barrels, the bleaching 
of delicate fabrics, etc. The application of ozonized air to 
the bleaching of flour has not been successful as the flour 
is affected adversely. Ozone has been tried for such purposes 
as the ageing of wines, the maturing of timbvi,*tobacco, etc., 
but in many cases the success is doubtful. • Recent experi- 
ments on the treatment of wounds with ozone have shown 
the eflicacy to be q^uestipnable. 

Detection and Estimation of Ozone.— In the absence 
of other oxidizing agents, ozone is readily detected by its 
action on potassium iodine paper with liberation of iodine, 
(cf. p. 135). Since, however, other 'substances such as 
chlorine, oxides of nitrogen, etc., produce the same effect, 
it is necessary to have some means ‘of discrimination. » 

A simple method is to use paper moistened with both 
potassium iodide and phenolphthalein. The action of 
ozone differs from that.pf other oxidizing agents in that it 
results in the formation of potassium hydroxide. A better 
selective test depends on the use of moistened tetramethyl 



^-^am-aminopJienylmethane pap^r, which exhibits the 
following colour reactions 

Ozone violet. 

Chlorine, bromine . . . . deep blue. 

Oxides of nitrogen . . . . straw yellow. 

Hydrogen peroxide , . . < . . no action. 

One of the best methods of estimating quantitatively 
the amount of ozone in air, oxygen, etc., is by potassium 
iodide, with subsequent titration of the iodine after acidifi- 
cation. If other oxidizing agents are present the ozone may 
be estimated by repeating the estimation after passing the 
gas through a tube heated to about 260° C., and then deter- 
mining the difference in the iodine liberation due to the 
decomposition of the ozone, tliis difference giving the 
initial ozone concentration. 

A more positive method consists in removing the oxides 
of nitrogen by means of caustic soda, while hydrogen peroxide 
may be eliminated by passing over finely divided crystals of 
chromic acid. i 

According to Usher and Rao (Chem. Soc. Trans,, (1918), 
799), ozone present in small quantity is best estimated by 
drawing the air through (i) chromic acid plus manganese 
dioxide, (2) ^sijjjpiic acid alonq. In both cases hydrogen 
peroxide is renjoved and in (i) nitrogen peroxide also is 
eliminated; on shaking up with sodium nitrite solutjon 
and subsequently estimating the degree of conversion into 
nitrate, the difference in the two*’cas^ gives the ozone 
content. ^ 

Separation of ozone from oxides of nitrogen may also 
be effected by passing into liquid air, when the ozone dissolves 
but the oxides of nitrogen separate out as blue flocks. 
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Section VI.— HYDROGEN 


Occurrence.— Hydrogen is present in small amount in 
the atmosphere, 0-019 % according to Gautier, 0*003 % 
according to Rayleigh, its origin being the fermentation of 
cellulose, etc., by anaerobic micro-organisms. 

Physical Properties.— Hydrogen is a colourless, taste- 
less and odourless gas. It is the lightest known gas, the 
weight of one litre at N.T.P. being 0-089873 gram. The 
solubilit}’ in water is given in the following table 


Temperature ®C. . . . . o 

C.c. of gas (measured at N.T.l’.} ] 
dissolved by i c.c. of water 
under a pressure of i atm. | ^ 

exclusive of water vapour. J 


10 

0*0198 


15 . , 

0*0190 0*0184 


The mean specific heat at constant volume is given by 
Crofts [Chem^c. Trans., (191^;, 290) as— 

C„ = 2*41 + 0*00032/ 


where C„ is the mean specific heat between t and 15*5'' C. 

Hydrogen does not show the preliminary decrease ,,':omnion 
to other permanent gases, of the product pv as the pressure 
is increased, but gives a continuous increase, the departure 
from constancy being very considerable at 200 atms. (cf. p. 
3). Due allowance for the diminished quantity of hydrogen, 
represented by the expression pjpv, is important when calcu- 
lating the volume of gas in a cylinder from the pressure. 
Thus a cylinder of actual volume of i ft . 3 only contains 
111*8 ft. 3 of free hydrogen at 121 atms. absolute pressure for 
a temperature of 16° C., in both cases (cf. pp. 4, 5). 
i Hydrogen is occluded to a considerable extent by many 
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metals, such as palladium, platinum, iron,- cobaltf etc. 
Palladium has the property in the highest degree. T^e 
volume occluded varies little with pressure between i and 
4*6 atms., but is dependent on the temperature. Thus, 
one volume of palladium sponge occludes ‘917 volumes of 
hydrogen at — 50'' C., tliii quantity falling off with rising 
temperature to a minimum of 661 x’olumes at 20° C. and then 
increasing to 754 volumes at 105° C. (Gutbier, Her., 46 , ii., 
(1913), 1453). Palladium black and palladium foil show a 
closely similar behaviour. 

It was observed by Holt, Edgar and Firth (Z. physik. 
Chem.,S 2 , ( 1913 ), 513 ) that palladium may be either active 
or passive according to treatment. These authors conclude 
that the hydrogen exists in two forms, (i) an adsorbed layer 
of high vapour pressure and easily removed by evacuation, 
and (2) an absorbed fraction irregularly distributed through 
the body of the metal. The sorption is accompanied by the 
evolution of 4370 calories per gram hydrogen, while the 
palladium increases in volume by some 10 %. In vacuo, at 
the ofdinary tem])erature, 92-98 % of the hydrogen is 
disengaged and expulsion is complete at 440° C. ; with foil 
most of the hydrogen is lost at 100° C. Under high pressure 
the hydrogen is retained even at a dull red hea^ Dewar 
showed that 300 volumes ^^re absorbed at *500° C. under 
120 atms. pressure {Chem. Soc. Proc., 13 , (1897), 192). 

The solubility of hydrogen in other metals is fairly 
marked, e.g. platinym black at the ordinary temperature 
dissolve# no volumes (Mond, Ramsay and Shields, Phil. 
Trans., A 186 , (1895), 657), spongy platinum only a few 
volumes, reduced •iron 9*4 to 19*2 volupies, reduced cobalt 
59 153 volumes, reduced nickel 17 to 18 volumes (Graham, 

Phil. Mag., [4], 32 , (1886), 503; Neumann and Streintz, 
Annalen, 46 , (1892), 431) ; cf. also p. 9. • 

Palladium, and in a lesser degree platinum and other 
metals, show a marked permeability to hydrogen, thus 
I m .2 of palladium foil of ? mm. thickness permits the passage 
of 325 c.c. hydrogen per minute at 265° C., and of 3992 c.c. 
at about 1000° C. (Graham, Roy. Soc. Proc., 16 , (i867“68), 
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422). r Similarly platinum foil r\ mm. in thickness passes 
4^g c.c./min./m.2 at a bright red heat. (Graham, Phil. Mag., 
[4], 82 , (1866), 401.) 

On account of its high coefficient of diffusion, hydrogen 
easily passes through slightly porous bodies, e.g. indiarubber 
is markedly permeable to hydrogen (cf. p. 10), while quartz 
is appreciably so at temperatures above 1000° C. For 
other properties see Tables 12 and 13, pp. 53-6. 

Liquid Hydrogen. — Hydrogen at ordinary temperatures 
is distinguished from most other gases by the fact that, on 
expanding without performing external work, heating takes 
place (cf. p. 67). Consequently, in the production of 
liquid hydrogen, the J oule-Thomson effect can only be realized 
after a preliminary cooling. In the British Oxygen Co.’s 
apparatus, this is effected by passing the hydrogen at a 
pressure of about 200 atms. through (i) a heat-interchanger, 
(2) coils immersed in liquid air, (3) coils cooled by the ebul- 
lition of liquid air, and (4) a second heat-interchanger, after 
which expansion takes place. The unliquefied hydrogen 
passes back over the coils, in counter-current to tHe inVioming 
gases, to the gas-holder. Liquid hydrogen was first obtained 
in quantity by Dewar in 1898, 

Properties . — Liquid hydrogen is a colourless, transparent 
liquid, a n^conductor of electricity ; it is the lightest 
known liquid, taving a density of 0*070 at the boiling point. 
The surface tension is 1/35 that of water. Specific heit is 
6*4. When evaporated under reduaed pressure, solidification 
takes place. 

In spite of its low boiling point, liquid hydrogen is easily 
preserved, as the rfsidual air in the DewSir vessels is frozen 
out and the vacuum made more perfect. 

Solid hydrogen is colourless, its melting point is ^258° C., 
the triple point —258° C. at 55 mm. pressure, and the latent 
heat of fusion 16 caloriel. 

Chemical Properties.— At ordinary temperatures, hy- 
drogen does not behave as an active element, entering into 
direct combination with only, a few elements and compounds, 
e.^, the halogens, and even then usually only under the 
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influence of light or of Catalysts. On heating, hydsogen 
reacts with alkali and alkaline earth metals to give cr^^stalliije* 
compounds, e.g. NaH, CaH2, which are ^decomposed by water 
with evolution of hydrogen. 

Mixtures of hydrogen and air are inflammable within the 
limits 74*2-4‘i% hydrogen *(cf. p. 40). 

An important characteristic of hydrogen is its power of 
acting as a strong reducing agent, e.g. in the reduction of 
metallic oxides. Under high pressures hydrogen will 
directly displace many metals from solutions of their salts 
with liberation of free acid. Many reductions depend on 
hydrogen being liberated in the so-called nascent state, e.g. by 
action of metals, metallic couples, amalgams, etc., on water, 
dilute acids or alkalis. Electrolytically liberated hydrogen is 
similarly very active as a reducing agent and its effectiveness 
is largely dependent on the overvoltage of the cathode used. 

Hydrogen is also active in aqueous solution in the presence 
of spongy or colloidal platinum, osmium and the like— thus, 
chlorate solutions are reduced (Hofmann and Schneider, Ber., 
48 , (191^), ^585), nitrates are converted into ammonia, etc. 

Palladium black induces the combination of a mixture 
of hydrogen and air so energetically that incandescence and 
inflammation ensue, ^ 

Sabatier {Ber.,^, (i9ii),^4) opened out a vast field of 
possibilities by his researches on organic reductions by 
hydrogen in the presence of a moderately heated catalyst, 
e.g. nickel or platinuyi. SThus, carbon monoxide is reduced 
to methane by passing over nickel at 250° C., and similarly, 
unsaturated organic compounds such as oils are converted 
into saturated compDunds. Further reference will be made to 
this important subject under “ Applications of Hydrogen." 

MANUFACTURE OF HYDROGEN— STATIONARY . 

plants • 

General. — The manufacture of hydrogen occupies 
probably the most interestitig place in the field of industrial 
gas technology in the variety gi the methods employed. 
The production of pure and cheap hydrogen, which is now 
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required for various recent develop ments such as the synthesis 
"0^ ammonia and the hydrogenation of fats, is a matter of 
very considerable difficulty, and quite a large volume of 
patent literature now relates to tliis subject. 

Most of the processes having any technical importance at 
the present time start from coal (r>r coke) and water. 

In comparison with gases such as nitrogen and carbon 
dioxide there are relatively few sources of hydrogen in the 
form of a waste product, but there are some cases where 
development is desirable, e.g. the waste hydrogen result- 
ing from the electrolytic alkali industry and from the 
manufacture of electrolytic oxygen. Further, large quantities 
of hydrogen are liberated in the manufacture of oxalates 
by the fusion of sawdust or corncobs with caustic alkalis. 
During the war some of these sources of hydrogen have been 
tapped for aeronautical purposes, but in peace times large 
quantities of such hydrogen have been blown to waste. 

Hydrogen is also produced as a by-product together with 
carbon dioxide in the manufacture of synthetic acetone by 
the fermentation process (cf. /. Soc, Chem. Ind., (1919)*, 155 T). 

Manufacture from Water Gas—Replacement of 
Carbon Monoxide by Hydrogen 

There are two main methods of effecting the replacement 
of carbon monoxide in water gas by hydrogen— (i) the 
continuous catalytic process mainly due to the Badische 
Anilin & vSoda Fabrik ; (2) the G^iesheim-Elektron process ; 
both processes depend on the interaction of carbon*monoxide 
with steam giving carbon dioxide and hydrogen. 

Water gas has the following approximate percentage 


composition 

Hydrogen 49 

Carbon monoxide . . . . 42 

Carbon dioxide . . . . 4 

Nitrogen 4*5 

Methane 0*5 


lOO'O 
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The reversible reactiocft— 

CO + H2O ^ CO2 + Hg + 10,200 calories 

gives the so-called water gas equilibrium, provided that 
sufficient time be allowed. 

jr _PcO 

Pcon X PiL 
or, 

_ P% 

Pci)., PlL,0 

This equilibrium is dealt with on p. 309, under Water 
Gas. 

From an industrial standpoint the desideratum is to 
convert as much carbon monoxide as possible into the easily 
removed carbon dioxide, i.e. to make the fraction peolpeoi 
as small as possible. 

The variation of K with temperature is shown in the 
following table ; the higher values are experimental but those 
below ;500°*C. are based on an extrapolation of the formula 

log K = — ^ + 0783 log T — o'ooo43T 

which fits those actually obsej'ved. 


Temjlbraturc °C. 

400 , 

500 

600 ! 700 

; 

800 ; 900 

1000 

K 1 

3 

O' 06 1 

' i 

O' 16 

0-32 j 0-58 

090 1 1-25 

1 1 

1-62 


0 


It is evident that at comparatively low temperatures 
the conditions are much more favourable for the conversion 
of carbon monoxide into carbon diolide than at high 
temperatures. 

Thus, if equal volumes of steam and hydrogen 
present in the gas after treatment, e. condition secured by 
taking about 1*4 volumes of steam per volume of water gas, 
the ratio 
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XJie carbon dioxide productiAi is turther enhanced by 
dnaintaining a high pn^olPvi^ ratio up to a certain point 
above which the dilution with steam lowers the reaction 
velocity and output so much that the favourable effect on 
the equilibrium is counterbalanced. 

We have seen that a low temperature is desirable ; below 
about 400° C., however, the reaction velocity becomes so 
small that equilibrium cannot conveniently be attained. 
Further, it will be seen that even under favourable conditions 
the removal of carbon monoxide cannot be complete. 

There are two obvious ways of furthering the carbon 
monoxide removal — (i) by working at a low temperature, a 
sufficiently great reaction velocity bemg attamed by the 
use of an active catalyst; (2) by disturbing the normal 
water gas equilibrium through the introduction into the 
system of an absorbent for carbon dioxide, e.g. lime. 

On these two principles are based the processes of the 
Badische Anilin & Soda Fabrik and the Chemische Fabrik 
Griesheim-Elektron respectively. 

It is clear that variation in the pressure will ‘be Without 
influence on the equilibrium ; it should be mentioned that 
reaction may take place between hydrogen and carbon 
monoxide or carbon dioxide in the absence of water. When 
a mixture of hydrogen with *carbon monoxide or carbon 
dioxide is pas^d over reduced nickel at 250° C., the following 
reactions take place (Sabatier and Senderens, CoMptes 
Rend., 134 , (1902), 514, 689) , 

CO +3H2 = CH4 + H 20 

C02+4H2=CH4+2ir20 

* 

giving a very complete removal of the carbon monoxide if 
the hydrogen be in excess. These reactions are exothermic 
and therefore. proceed*^less completely in the direction of 
methane formation at liigher temperatures, e.g, at 500° C. ; 
a certain amount of methane may be formed, however, 
unless the catalyst be selected to favour the water gas reaction 
as is the case in actual practice. 
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(i) B.A.M.A.G. Continuous Catalytic Proce^ 

f* 

The main development of the continuous catalytic 
process is due to the Badische Anilin & Soda Fabrik, but 
some othffr important patents are included below. 

According to Hembert and Henry, in B.P. 1193/84, steam 
is blown through incandescent coke and the resulting water 
gas, mixed with excess steam, passed into retorts packed with 
fireproof materials, at a red heat. Carbon dioxide and hydro- 
gen are thus formed and the former is subsequently removed 
by lime. Similarly, Read, in B.P. 3776/85, proposes to 
use heated metallic oxides as catalysts. The carbon dioxide 
formed is subsequently removed by alkalis, absorption in 
water under pressure, etc. In B.P. 12608/88, Mond and 
ganger prescribe the elimination of carbon monoxide and 
hydrocarbons from fuel gases by passing with excess steam 
over metallic nickel or cobalt at a comparatively low tem- 
perature, namely, 350-400® C. with* nickel, 400-450° C. 
with cobalt. Pumice soaked in nickel chloride solution may 
be usei. Carbon dioxide is removed by known methods and 
the gas is claimed to be almost free from carbon monoxide. 
F.P. 375164/06 of the Compagnie du Gaz de Lyons, relates 

to the use of iron oxide at 600° C., while Naher and Muller, 

•* 

in B.P. 20486/11, propose the «se of palladium — or rhodium — 
asbestos at about 800° C. After three treatments the carbon 
monoxide is claimed to be reduced to 0*4 %. 

None of the above mentioned patents met with technical 
success and the commercial development of the process by 
the use of active catalysts, as set forth in the following series 
of patents, is due chiefly to the Badische Co. 

According to B.P. 26770/12, hydrogen is manufactured 
by the interaction of carbon monoxide and steam under 
pressure in presence of a catalyst at a temperature of 
300-600° C. A pressure of 4-40 atifis. is used to accelerate 
the reaction. Iron or nickel may be used as catalyst. Carbon 
monoxide is almost entirely removed. The process is stated 
to be specially suitable for gases containing only little carbon 
monoxide; in such a case the enhanced heat regeneration 



tmdef pressure is a further advantage since the heat evolution 
small. The use of pressure does not appear to have been 
developed in practice.^ 

B.P. 27117/12 relates to the maintenance of the temper- 
ature in the above process by the catalytic combustion of 
small quantities of oxygen added to the gases. Further, 
the steam required for the reaction may be thus supplied 
if only a little carbon monoxide be present. In B.P. 
27955/12, a number of catalysts for the above reaction 
are described, all with a basis of finely divided iron oxide ; 
the working range is from 400-500° C. and heating to over 
650° C. is to be avoided. B.P. 8864/13 deals with catalysts 
consisting largely of nickel or cobalt ; according to D.R.P. 
297258/14, the metals should be disposed in small quantities 
on suitable supports and should be derived from salts free 
from sulphur and halogens. Further catalysts are given in 
B.P. 27963/13. When using nickel as catalyst, methane is 
formed and it is here claimed that such methane formation 
may be avoided by using catalysts consisting largely of iron 
in conjunction with nickel, chromium, etc. The catalysis 
is very rapid and suitable also for small quantities of carbon 
monoxide. Working temperatures are about 400-600° C. 
B.P. 1649^^14 relates to the use of spathic iron ore as catalyst, 
heating to above 650° C. being avoided ; a binding agent, 
such as Al(Or[)3, -may be added for briquetting purposes. 
In D.R.P. 284176/14, the use of the oxides of rare earths, 
especially of cerium oxide, in conjuqctioii with other activants, 
is recommended. 

A different class of catalyst is specified by Buchanan and 
Maxted in B.P. 6476/14, which protects the use of lixiviated 
alkaline ferrite. One pass^e gives a gas containing 28 % 
carbon' dioxide and 2 % carbon monoxide. In another 
patent, B.P. Q474/14, the same inventors propose the use of 
metallic couples such %s iron + copper, e.g. sodium ferrite 
treated with a copper salt. The couple is heated to 500° C. 
and a mixture of carbon monoxide with hydrogen passed 
over together with excess steam. An iron + silver couple is 
stated to be very active. 



HYDROGEN 


i6i 

The process founded ftn the above Badische patents is 
claimed by the Berlin Anhaltische Maschinenbau Ak^ery 
Gesellschaft (B.A.M.A.G.) to be the cljeapest of all processes 
for making hydrogen on a very large scale. It is used by 
the Badische Co. at Oppau for the manufacture of synthetic 
ammonia. One obvious advantage of the process is the 
fact that whereas other methods require 2-5 volumes of 
water gas per volume of hydrogen produced, little more than 
I ‘I volumes are necessary in this case. Since water gas costs 
about ^d. per 1000 ft .3 (pre-war) the effect of this difference 
may easily be estimated. Further, as the reaction is exo- 
thermic, it is easy by means of heat-interchangers and care- 
ful external lagging to make the supply of heat unnecessary 
except on first starting up. A temperature of 400-500° C. 
is maintained in the contact mass; little attention is required, 
there being *no valves to operate, and one man can look after 
several contact sets. Starting with water gas mixed with the 
desired excess of steam — exhaust steam may be used — the 
gases issuing from the catalyst chamber, when freed from 
excess "stedm by cooling, have a percentage composition 
somewhat as follows : — 

Hydrogen 65 

Carbon monoxide . . . . 1-2 

» 

Carbon dioxide . . . . 30 ^ 

Nitrogen, methane, etc. . . 4 

The gases are conjpresj^ed to about 25-50 atms. and freed 
from carbon dioxide by counter-current scrubbing with water 
while under pressure, the energy of the water issuing from 
the scrubber being largely recovered by means of a turbine. 
For data on the solubility of carbon dioxide in water 
under pressure, cf. p. 256. Final removal of the carbon 
dioxide may be effected with alkali solutioji, also unde^ 
pressure. * 

On passage through the catalyst, all the sulphur com- 
pounds in the water gas— which needs no special purification 
except from dust and tar— a;ie converted into sulphu- 
retted hydrogen which is removed with the carbon dioxide*. 
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If necessary, the remaining 1*5-% % carbon monoxide is 
c^racted by an auxiliar}’^ process. 

Plants are constructed up to a capacity of about 35,000 
ft.® hydrogen per hour. A life of six months is claimed for 
the catalyst. Before the war the only plant known to be in 
operation was that at the works K)f the Badische Co. It is 
claimed that the process can produce hydrogen at the low cost 
of 1/9 per 1000 ft. 3 (pre-war) ; taking into consideration the 
fact that each volume of water gas produces approximately 
its own volume of hydrogen, together with the continuous 
and comparatively simple nature of the operations, this would 
not seem improbable. It should be observed that the presence 
of some 4 % nitrogen is a serious disadvantage in certain 
applications, e.g. in aeronautics. The method is eminently 
suited from this point of view for the synthetic production 
of ammonia ; by the addition of air to the steam in the 
“ make period of the water gas manufacture, any desired 
nitrogen-hydrogen mixture may be produced (cf. p. 207). 
A certain amount of methane will always occur in hydrogen 
made by this method. • 

Theory of the B.A.M.A.G. Continuous Catalytic 
Process.— Assuming the water gas to have the following 
percentagg^ composition : — 

Hydrogen . . ‘ . . . . 50 

Carbon monoxide . . . . 42 

Carbon dioxide . . . . 4 

Nitrogen . . .t: , . . 4 


100 

and the temperature of the catalyst tb be 500® C., it is 
interesting to calculate the theoretical result of using 100 
volumes of water gas and 300 volumes of steam, both 
Measured at the same temperature. 

We then have 


Pco^ Ph,o ?H,0 

If we express the original condition of the gas mixture 
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terms of partial pressures In atmospheres, we have the fallow- 
ing values ■ 


pH ,0 ■ • 


.. 0-750 

pH, • • 


. . 0-125 

pco • • 


. . 0-105 

pco, • • 


. . 0*010 

Pi<i • • 

•• 

. . 0010 



I -000 

The equation 




C0+H20=H2+C02 


indicates that no change in volume takes place during the 
reaction. 

Consequently, if we take the change in partial pressure 
of the carbon monoxide in the interaction as being repre- 
sented by VC, it may easily be seen that the final partial 
pressures of the reactants will be 


Pn,o oyso-x 

pH , 0-125 + ^ 

Ao ^'^^5 ■“ ^ 

pco, 0010 + a ; 

pH, 0-010 


' I -000 

The value of x may be deduced from the relationship 


pco, X pH, 

= (o'io5 -y) ( 0750 -^) 

, (o'oio"+;*)(o-i25+*) 

which gives the value of 0-09899 atm. for x. The final 
partial pressure of carbon monoxide, therefore, is 0-006 atm, 
On the removal of the steam 6y cooling, the partial 

pressure of the carbon monoxide rises to atm, 

0-349 

0-0172 atm., since the^artial pressure of steam aftei 


reaction iso*75o-o’099=o-65i ajm. and the partial pressure 
of the non-condensable gases, in consequence, 0*349 
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By similar reasoning the final •composition of the gas is 
9 ^n to be 


Hydrogen * . . 

. . 0*6418 

Carbon monoxide . . 

. . 0*0172 

Carbon dioxide 

■ . 0*3123 

Nitrogen . . . . ^ 

0 

d 

to 

00 


I *0000 

After removal of carbon dioxide this 

becomes, expressed in 

percentages— 


Hydrogen 

• • 93*33 

Carbon monoxide 

. . 2*50 

Nitrogen 

• • 4*17 


100*00* 


(2) Griesheim-Elektron Process 

A description will first be given of the principal patents 
on which the process is based. 

In U.S.P. 229339/80, Tessie du Motay describes the 
productiog^of hydrogen by passing water gas, freed from 
sulphur, over heated lime. The method is elaborated by the 
Chemische P&brik Griesheim-Elektron in B.P. 2523/09, 
according to which, water gas and steam are passed -over 
caustic or slaked lime at 500® C. in ^ suitable container which 
may be provided with stirring gear. The reactian is self- 
supporting and the chamber is cooled to below the temper- 
ature of the dissociation of calcium carbonate— preferably 
below 500® C. By the addition of 5 % iron powder the 
reaction is greatly accelerated. The lime is regenerated by 
subsequent calcination bf the calcium carbonate. In a later 
patent, B.P. 13049/12, •it is claimed that the lime may be 
advantageously used in the form of lumps, the action not 
being confined to the surface as might be expected. The 
material may thus be used in vertical towers and regenerated 
in situ. The same company, in D.R.P. 284816/14, describes 
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the manufacture of hydrogen by the action of steam ^nder 
about 10 atms. pressure, on a mixture of lime and charcoal 
or lignite. With lime, a temperature of 600-800° C. is 
required, but by using baryta a lower temperature is possible. 
Among other patents may be mentioned B.P. 7147/13 (Soc. 
TAir Liquide) which relates to the utilization of the carbon 
monoxide-rich fraction obtained in the separation of carbon 
monoxide from hydrogen by the Claude liquefaction process 
(cf. p. 170). This gas, which contains some hydrogen, is 
partially or wholly converted into hydrogen by the action 
of heated slaked lime as above, the product being returned 
to the water gas to be liquefied. 

Bearing on this reaction there is a considerable amount 
of literature, a bri<if survey of which now follov^s. 

Mcrz and Weith (Ber., 13 , (1880), 718) describe a lecture 
experiment in which carbon monoxide is passed over heated 
calcium hydroxide just below a red heat. Hydrogen with 
only a small percentage of carbon monoxide is easily obtained. 

The matter was further studied in Haber’s laboratory by 
Engels [iCarlsruhe Dissertation, 1911, '' Uber die Wasserstoff 
Gewinnung aus Kohlenoxyd und Kalkhydrat ") who carried 
out extensive experiments on the reactions underlying the, 
process. Carbon monoxide was passed over ,lime, the 
temperature, speed, and CO/H2O ratio being varied. Engels 
concludes that in the absence of a catalyst ^he conversion 
tak 5 S place essentially on the calcium hydroxide, although the 
water gas reaction i^ays^a minor part. On the contrary, if 
5 % redlUced iron be present, the action takes place mainly 
in the gaseous phase. If pure lime be used the reaction 
velocity is too low*below 500° C., while ^^jo° C. should not be 
exceeded as the calcium hydroxide has a vapour pressure of 
I atmosphere at 547° C. ; a greater steam concentration than 
that corresponding to the vapour ‘tension pf lime at the 
particular temperature is useless and, on account of the dilu- 
tion of the reaction mixture, to be avoided. The reaction 
velocity is increased abbu<t 10 times by the addition of iron ; 
thus with an 81/19 H2O/H2 rafio, a gas flow of 12*5 litres 
carbon monoxide, measured at 20° C., per litre lime per hotlr, 
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gave jit 500® C., a gas containing <i'4 % carbon monoxide in 
tj^e absence of iron, while under the same conditions but using 
5 % iron, a corresponding velocity of 138 litres per hour gave 
practically pure hydrogen (0*2 % carbon monoxide). 

According to Vignon (Bull. Soc. Chim., 9 , (1911), 18), in 
treating water gas with lime no' action takes place until 
400° C., when hydrogen is formed together with some methane 
and ethylene. The proportion of hydrogen to hydrocarbons 
increases as the temperature is raised, pure hydrogen being 
formed at 600° C. Levi and Piva (Ann. Chim. App.,!, (1914)1 
I ; J. Soc. Chcm. Ind., (1914), 310) consider the action of 
carbon monoxide on calcium hydroxide to take place through 
the intermediate formation of formates and oxalates, and 
state that on heating sodium formate in an atmosphere of 
carbon monoxide, hydrogen with carbon dioxide and some 
methane is formed. In a later paper (Chem. Soc. Abstracts, 
(1916), ii., 525) the same investigators observe that the de- 
composition temperature of sodium formate is lowered from 
375° C. to 260° C. by the presence of slaked lime. With pure 
lime, carbon monoxide gives rise to formates at 250-300° C. 
and to calcium carbonate and hydrogen above 300° C. 

Theory of the Griesheim-Elektron Process. —It is 
instructiv^to calculate what is the lowest possible per- 
centage of carbon monoxide which can be obtained with a 
given proportion of steam at say 500° C., below which 
temperature the reaction velocity is low. 

Consider a gas of the percents^e^con^position— 


Hydrogen . . 

.. 50 

Carbon monoxide . . 

..,42 

Carbon dioxide 

•• 4 

Nitrogen 

•• 4 

t 

s 

% 

100 


to 100 volumes of which at 100° C., 200 volumes of steam are 
added. 

Now, since the final voluipe of hydrogen is approximately 
eq^al to the original volume of the water gas, the carbon 
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monoxide being almost ctJmpletely converted into hydrogen 
without change of volume, we have after cooling to 100° C.— 


= 50 -!• 42 = 92 

while 

= 200 — Vco^ = 200 ~ 42 = 158 


where the suffixes i and / denote the initial and final volumes 
respectively. 

Thus— 

ho ^ jr ^ j5 92 ^ 

Ao, pi,,o 158 ^ 


The value for the dissociation pressure of calcium carbonate 
as determined by Johnson (J. Amer. Chem, Soc., 32 , (1910), 
938) is I mm. at 587° C., but taking for simplicity i mm. at 
the lower temperature of 500° C., 


/>co =0*093 pQQ^ =0*093 mm. approximately. 


Now, since the final volume of the reaction products is 
approximately 92 +158 +4 = 254at a temperature of 100® C., 
while after removal of the steam it falls to 92 + 4 = 96, the 
pressure of carbon monoxide in the cooled gas after removal 
of the carbon dioxide, will be — 


0*093 X 254 
—->—"--<^ = 0*25 mm. 
96 


or 0*032 %. 

I'he hydrogen produced commercially by this process 
is stated^ to have th« following percentage composition : — 


Hydrogen . . 
Carbqn monoxide . . 
Methane 
Nitrogen , . 


97*5 
0 * 0 - 0*2 
• o* 3 -o *5 
I •5-2*0 


The cost of production depends bn the size of the inst^- 
lation, but for moderate plants in <fentinuous operation the 
cost is stated to be 2/2J-2/9 per 1000 ft.^ (pre-war), whUe 
for large plants it falls to.i/8 (Lepsius, Monit, ScienL, (1912), 
493). As the reaction is exothermic it is only necessary to 
supply heat at the commencement of the operation. The lime 
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cont^er requires to be cooled atid the waste heat may be 
jitilized for the generation of the steam for the process. One 
advantage claimed is tJie comparatively low temperature at* 
which the operation is conducted as compared with the 
lyane and allied processes, for instance, repairs being thus 
minimized, < 

The process does not appear to have been used on any 
considerable scale— the handling of the large amounts of 
lime presents some difficulty. 

Manufacture from Water Gas by Liquefaction 
OF THE Carbon Monoxide 

This purely physical method of separating hydrogen from 
water gas is in use on a fairly extensive scale and was the 
process installed by the Badische Co. in their first synthetic 
ammonia factory. It depends on the approximate separation 
of the carbon monoxide and nitrogen as liquid by cooling 
under pressure to about —200° C. The general trend of the 
process may be seen from the following table ^ 

Gas Vapour pressure of liquid at 

—200° C. 

Hydrogen . . . . (Above critical temperature, 

^ njmely — 24i’2''C.) 

Carbon qjpnoxide . , 0*57 atm. 

Nitrogen . . . . 0-33 atm. 

A brief resume will first be givej^ of the principal patents 
relating to this process. 1 

Parkinson, in B.P. 4411/92, deals with the separation of 
the constituents of gases such as air and water gas by frac- 
tionation, etc. Sonle of the other early patents relating to 
the liquefaction of the permanent gases have a bearing on the 
separation of hydrogen ‘from other gases, but the most im- 
portant are those giventbelow. According to B.P. 7205/11, 
of the Gesellschaft fiir Linde's Eismaschinen, A.G., the 
compressed hydrogen-carbon monoxide mixture is cooled 
by passing through a heat-interchanger, the cooling effect 
of which may be augmented by means of liquid air or nitrogen. 
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Partial liquefaction takes place under pressure and thj two 
phases are then allowed to expand in separate streams intia 
the above mentioned 


heat - interchanger in 
counter-current to the 
incoming gas. The 
hydrogen, before ex- 
pansion, however, may 
pass through a second 
heat - interchanger in 
counter-current to the 
expanded h3^drogen, 
whereby more carbon 
monoxide is deposited 
in a chamber connected 
to the first*liquefaction 
chamber, the hydrogen 
being thus rendered 
purer. 

Asubsefjuent patent, 
B.P. 9260/11, deals 
with certain modifica- 
tions : (i) a more 

thorough fractionation 
is effected by coohng 
either the mixed in- 
coming gases or the 
hydrogen fraction (as 
in Fig. 16) before its 
expansion, with liquid 
air or nitrogen boiling 
under reduced pressure, 



a lower temperature Fig. 16. — Linde's systeij^ for the separ»- 

beine thus secured • (2) hydrogen from water gas by lique- 

® ' faction of the carbon monoxide, 

the hydrogen may be 


expanded either with or v^ithout the performance of external 


work, in the former case the hydrogen may be slightly 
heated by the incoming gases before they are cooled by the 
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evaporation of the liquid carbon monoxide fraction, in order 
tp prevent blocking up by solidification on expansion ; the 
cooling effect of the e;^ternal work may be used to cool the 
hydrogen leaving the chamber in which separation of the 
carbon monoxide has taken place, further carbon monoxide 
being deposited : (3) the hydrogeli may be led away in the 
compressed state, the extra cooling neccssaiy’ being supplied 
by the liquid air boiling under reduced pressure. 

A simplified apparatus, described by the Maschinenbau- 
Anstalt-Humboldt in F.P. 445883/12, differs from the above 
in that the compressed water gas, after traversing a heat- 
interchanger, passes through a coil immersed in evaporating 
carbon monoxide and then expands into a chamber where 
carbon monoxide is deposited. The r hydrogen escapes 
directly through the heat-interchanger, while the carbon 
monoxide is siphoned off to the above mentioned evapora- 
tion chamber and after vaporizing enters the heat-inter- 
changer. B.P. 7147/13 of the Soc. TAir Liquide deals with a 
combination of the liquefaction process with the Griesheim- 
Elektron process (cf. p. 164) whereby the production of 
hydrogen per volume water gas is increased. The carbon 
monoxide-rich portion, after vaporization, is passed over 
heated slqj^ed lime and the resulting gas, mainly hydrogen, 
added to the water gas entering the liquefaction system. 
All attempt is^bade by the Badische Co., in D.R.P. 285703/13, 
to avoid the necessity for supplementary cooling by liquid 
air, by the addition of excess of carlyin i^onoxide or nitrogen, 
both of which gases show a positive Joule-Thomsdn effect. 
This may be accomplished by returning the more volatile 
portion of the carbon monoxide fraction, containing hydrogen, 
to the water gas supply. 

In B.P. 13160/14, Claude (Soc. I’Air Liquide) describes 
apparatus somewhat similar to that of Linde. The compressed 
water gas is divided info two portions which are cooled by 
passing through two independent auxiliary heat-interchangers 
AA (Fig. 17), traversed respectively by counter-currents of 
the expanded hydrogen and carbon monoxide. After re- 
union of the two streams of water gas, the carbon monoxide 
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fraction is deposited in a Lparation chamber the liquid 
and gaseous phases being then treated separately in the twf^ 
portions, B and C (Fig. 18) of the heat-interchanger situated 
above ; the hydrogen passes through both sections in 
vertical tubes. The lower part B contains, under atmospheric 
pressure, liquid carbon mdnoxide which is fed in from the 
separating chamber B^. The liquid carbon monoxide passes 



(1) through a coil immersed in the liquid contained in the 
lower part of the heat-interchanger B, being cooled thereby ; 

(2) through a coil vS' immersed in a small interchanger filled 
with the liquid released to atmospheric pressure from tl^e 
same coil and (3) after this release of pressure into a tank 
E surrounding the hydrogen tubes in the upper part of 
section B of the interch;3nger, finally overflowing into the 
main bulk of liquid carbon monoxide below. The object 
of this rather complicated procedure is to utilize the lower 
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temjgerature of the carbon monoxide deposited in (in 
^which carbon monoxide some hydrogen is retained on 
account of its separation under pressure) to further cool the 
hydrogen and so cause more complete deposition of the 
carbon monoxide therefrom. With this method of working, 
the hydrogen passes through tubes cooled by (i) liquid 

carbon monoxide evaporating 
under atmospheric pressure ; 
(2) liquid carbon monoxide 
containing some hydrogen also 
evaporating under atmospheric 
pressure ; and (3) the gases in 
the upper part C of the inter- 
changer. Here the hydrogen 
is still further cooled by passing 
to an engine D in which expan- 
sion takes place, the expanded 
gases being led back to the 
interchanger. The carbon 
monoxide deposited in the 
tubes falls back to the separa- 
tion chamber If desired 
the cooling effect may be in- 
creased by the expansion of 
supplementary compressed hy- 
drogen. If high purity of the hydrogen is unnecessary, 
the simpler type of separator shgwn in Fig. 17 may be 
employed. ^ 

The Linde-Frank-Caro Process 

Several Linde-Frank-Caro plants have been installed on 
the Continent and one, of about 17,000 ft . 3 per hour capacity, 
l^y Messrs. Ardol, Ltd., in this country. 

Water gas,* which contains about 50 % hydrogen, the 
residue being mainly carbon monoxide with smaller quan- 
tities of carbon dioxide, nitrogen and methane, passes through 
a scrubber to a holder and is then compressed to about 
25-50 atmospheres. Under this pressure it is freed from 



Fig. 18.— ^tlaude fractionation 
system. 

(m 
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carbon dioxide by washing with water—Bedford prpcess 
(cf. also B.A.M.A.G. process, p. 161) — and subsequently with 
caustic soda. After being dried by , refrigeration with an 
ammonia or carbon dioxide plant, the compressed gas enters 
the separator. Passing first through a heat-interchanger 
in counter-current to all the outgoing gases, the compressed 
gas traverses a coil immersed in liquid carbon monoxide 
boiling under atmospheric pressure. Here the greater part 
of the carbon monoxide is condensed and a little of the 
nitrogen. The liquid and gaseous phases are separated in 
a special vessel and the hydrogen, still containing some 
5-6 % carbon monoxide and nitrogen, passes on to a tube 
system cooled to about —200° C. by means of liquid air or 
nitrogen boiling under reduced pressure. The liquid carbon 
monoxide and nitrogen separated at this stage flow back to 
the main portion in the separation vessel from which the 
liquid passes through a valve to the vessel containing liquid 
carbon monoxide at atmospheric pressure, used to cool the 
compressed gases as mentioned above. By means of careful 
lagging the heat losses are made very small so that only 
relatively little liquid nitrogen is needed. The hydrogen 
leaves the apparatus through the heat-iiiterchanger under 
the same pressure as that of entry, consequently litjle, if any, 
energy is required for its subsequent utilization for the manu- 
facture of synthetic ammonia, the hydrogenatibn of oils, etc. 

The arrangement is identical with that represented dia- 
grammatically in Fig. ifi^xcept that the hydrogen is carried 
back though the interchanger without release of pressure. 
After evaporation, the carbon monoxide fraction, which has 
a purity of 80-85 %» corresponding to a loss of about 15 % 
of the hydrogen, passes to a gas engine, Ihe power generated 
being sufficient to drive the whole plant. The hydrogen 
fraction has obviously a very high de'gree of purity as regards 
sulphur and phosphorus compouncis, heavy hydrocarbons, 
etc., and the following percentage composition is claimed : — 

Hydrogen . .^ . . . . 97-97*5 

Carbon monoxide .. 2-1*7 

Nitrogen , , , . , , i-o*8 
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The volume of hydrogen is aiout 40 % of the original 
jivater gas. This purity is sufficient for many purposes, but, 
if desired, further purification may be effected, see p. 207. 

. On account of the fractionation of the liquid air which 
may be produced in the separator itself, or in very large 
plants in a separate apparatus, nftrogen and oyy'gen may be 
obtained as by-products. The operations may be so regu- 
lated that the former is produced in the proportion required 
for combination with the hydrogen to form ammonia. 


The following particulars are given by Sander (Z. angew. 
Chcm., (1912), 2401) for different sizes of plants 

table 22. 




Linde- Frank-Caro Hydrogen Plants. 


Hourly output (ft.* of hydrogen) 

Water gas used per hour (ft.*) . . . . 

Coke used per hour (lbs.) . . . . | 

Cooling water used ^r hour (gallons) . . j 

880 

2500 1 
no ; 

5^0 j 

1 

3500 

8800 

350 

1700 

17,700 

44,000 

1700 

7000 


Plants producing 3500 and 35,000 ft .3 of hydrogen per 
hour are stated to cost about;fi3,ooo and;^8o,ooo respectively, 
while the cost of production of the hydrogen by this process 
is claimed to be about 3/- to 4/- per 1000 ft.® for medium- 
sized plants (all on pre-war basis). The labour required in 
working the j)lant is small on account of the continuous 
nature of the operations. One advantage of the process^hen 
used in connection with the hydrogenation of oils is the ease 
with which the residual impure hVdrc/gen may bq purified 
again. On the other hand repairs are somewhat heavy. 

f 

Manufacture by *the Action of Water or Steam on 
Iron or Carbon 

•' General.— ;The processes falling under this heading are 
all capable of representation by the following equation 

H20 + R=H2+R0 

Generally speaking, R may be any substance, usually, 
an element, which has the power of uniting with oxygen, 
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but in practice only iron and carbon find application for this 
purpose leaving out of consideration certain methods used for^ 
field purposes, e.g. the action on water of sodium or other 
active elements. 

Iron Oxide Processes. The Alternate Action of Steam 
and Reducing Gases on Heated Iron 

At a red heat iron reacts with steam according to the 
following equation : — 

4H2O 3Fe = 4H2 + FC3O4 

The action is reversible and the ratio of pu^olpu^ 
different temperatures is given below, the equilibrium 
relations for the two stages of the reaction being separated 
(Chaudron, Comptes Rend,, 159 , (1914), 237). The values 
are taken from a smoothed curve. 


System Fe/FeO/Ha/HaO. 


Temperature'’®C. . 

1 

. 1 400 

1 

500 

1 

600 

700 

800 

850 


. i 015 

0-23 I 

i 

O ' 33 

0*46 

i 

061 

0*70 


System Fe0/Fe304/Hj/Ha0. 


Temperature ®C. . . 

1 400 

500 

600 1 

700 

» 800 

850 


O’ 20 

O’ 32 

O' 52 1 

i 

o '«5 

i '35 

1-85 


cf. also JVohler and Pfager, Z. Elektrochem., 23 , (1917), 
199. 

It is evident that reduction is favoured by increase of 
temperature. On passing a continuous current of steam or 
hydrogen over the iron or iron oxide heated to redness, the 
reaction proceeds to completion giving oxide or metal 
respectively. ^ • • 

This method of making hydrogen has long been recog- 
nized and we find patente dealing with the alternate action 
of steam and reducing gases on iron as early as 1861 (Jacob, 
B.P. 593/61 ; cf. also Baggs, B.P.s 2719/65 and 1471/73). 
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One of the first attempts at technical production by this 
^metfiod appears to have been made by Giffard in 1878, who 
employed a shaft filled with ore. Water gas was used with- 
out purification and for this reason, coupled with the irregular 
temperature distribution in the shaft type of plant, the life 
of the ore was very short. ** 

The first patent of commercial importance is that of 
Lewes. B.P. 20752/90, according to which a retort containing 
iron turnings or moulded oxide, etc., is heated to bright 
redness by imbedding in a producer, the air producer gas from 
which is used in the reduction phase, the metal being then 
treated with steam. This procedure would obviously give 
rise to over-heating of the iron oxide. In a later patent, B.P. 
4134/91, the iron oxide is disposed on pgmice or mixed with 
asbestos, and semi-water gas is used for the reduction. A 
number of patents dealing with special forms of plant follow. 
An important point is touched on by the Dellwik-Fleischer 
Wassergas G.m.b.H., in B.P. 21479/08, which prescribes the 
addition of steam to the reducing gases to prevent the 
deposition of carbon ; the reduction is arrested when only 
half the oxide is reduced. Burnt pyrites is used as reaction 
material. In B.P. 17591/09, Lane describes an arrangement 
of valves whereby more retorts may be reduced than oxidized 
at the same time, this being desirable by reason of the greater 
reaction velocity in the oxidation phase. The first portion 
of the hydrogen is diverted. Impurities, e.g. sulphur; are 
removed by occasionally burning opt with air, and in a later 
patent, B.P. 11878/10, a method of purification of Vhe gases 
from carbon dioxide, sulphuretted hydrogen, and sulphur 
dioxide, by washing under pressure is described. Prq)Osals 
have been made to use molten iron, e.g. as in B.P. 23418/10 
by Gerhartz. The use of roasted spathic iron ore as re- 
action material is clainfed by Dieffenbach and Moldenhauer 
in D.R.P. 232347/10, while B.P. 6683/12 of the Badische 
Co. relates to the prevention of loss of activity through 
, fusion of the surface of the iron, by using iron oxide which 
has been melted in oxygen ; ^refractory oxides may be added. 
Dieffenbach and Moldenhauer in a further patent, B.P, 



HYDROGEN 

I 


177 


12051/12, propose to prevent deterioration by the tjse of 
alloys of iron with manganese, tungsten, titanium, eto 
Mixtures of nitrogen and hydrogen may be obtained by 
passing air and steam over the iron, or, alternatively, pure 
nitrogen may be obtained by using air alone. 

Among various patents describing means of avoiding fall 
in output may be mentioned B.P. 12117/12 by Messerschmitt, 
according to whom the effects of fusion of the iron oxide 
in producing obstruction are avoided by the use of a skeleton 
of compact iron, and B.P. 27735/12 (Badische Co.), where loss 
of activity is prevented by the use of spongy iron obtained by 
imbedding Swedish iron ore in carbon and heating from the 
outside. We come next to a series of patents by Messer- 
schmitt. B.P.s 12342/12 and 12243/12 deal with special 
methods of construction of plant, the latter describing the 
annular type of ore container detailed later. According to 
B.P. 17690/13, the reduction of the oxide is effected by gases 
of high calorific power and the heating by gases of low calorific 
power, e.g. the spent reducing gases, fusion being thus 
avoided, ^hile B.P. 17691/13 advocates the reduction of 
the charge by means of a partly burnt mixture of gas with 
air in insufficient quantity for complete combustion. Modifi- 
cations in construction are prescribed in B.P.s^i7692/i3, 
in 18942/13 and in D.R.P. *291902/14. B.P. 18028/13 is 
concerned with the use of iron-manganese ore^in order that 
lowei: 4 :emperatures may be employed, thus avoiding absorption 
of carbon, sulphur, etc. Recording toD.R.P. 291603/13, the 
iron is oxidized to the stage of ferrous oxide* giving hydrogen, 
and then further with air, giving nitrogen. Among numer- 
ous other patents, may be mentioned B.P. 16893/14 by 
Dempster, according to whom leakage o 1 [ gas from one part 
of the system to another is prevented by suitable water 
seals, and B.P. 12698/15 by Maxted find Ridsdale, where the 
deposition of carbon or the formatibn of carbide from the 
gases in the reducing phase is prevented by the presence 
of carbon dioxide to the„ extent of at least twice the volume 
of the carbon monoxide ; contamination of the hydrogen 
in the subsequent treatment with steam is thus avoided. 
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This ^procedure is equivalent, of course, to the addition 
of steam as set forth in B.P. 21479/08, see p. 176. 
In B.P. 119591/18, Thorssell and Luuden propose to in- 
crease the active life of the reaction material by impreg- 
nating iron sponge with a solution of alkali hydrate or 
carbonate. 

Of the modifications of this method of producing hydro- 
gen which are now in extensive use may be mentioned the 
Lane, the Messerschmitt and the Internationale Wasserstoff 
A. G. (B.A.M.A.G.) processes. 

Lane Process. —This process, or as modified by Dempster, 
Messrs. Humphrey and Glasgow and others, is the one most 
commonly adopted in this countr}^ for the production of 
hydrogen on a large scale. Calcinedi spathic iron ore, 
disposed in vertical cast-iron retorts, is alternately reduced 
by water gas and oxidized by steam. 

From the equations 

Feg04 + 2CO +2H2 = sFe + 2CO2 + 2H20g,,s — 18,000 

i calories 

3Fe + 4H20gas = Feg04 + 4H2 + 38,400 calories 

it will be seen that the reduction is endothermic while the 
oxidation*, is exothermic. As regards the reduction by a 
mixture of carbon monoxide and hydrogen, the interaction 
of the latter reducing agent absorbs a large amount of heat, 
while that of the former is very slightly exothermic; on 
this basis Jaubert effects economy in the fuel required 
for maintaining the reaction temperature by working at a 
lower temperature so that the carbon monoxide acts 
preferentially. Tins method of procedure (Lane- Jaubert 
process) has probably corresponding disadvantages in in- 
creasing the deposition of carbon in the reducing phase 
and consequeijtly raising the carbon monoxide content of 
the hydrogen (see belo\^). 

The ore is contained in vertical cast-iron retorts about 
9 inches internal diameter and nearly 10 ft. long, a plant 
generating 3500 ft.^/hr. haying 36 such retorts, arranged in 
three groups each of 12 retorts (Fig. 19). Since the totals ' 
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internal volume of such a set equals 159 ft .3 the • ** §pace- 
velocity”is ^^ft .3 hydrogen/ft.^/hr. = 22 ft. 3 hydrogen/ 
ft. 3 /hr. The ends of the retorts are flanged and closed by 



Front Elevation 


Fig. 19.— Lane Hydrogen Plant (The Engineer). 

• ^ 

plates with asbestos joints. Heating of the retorts to 
650-700° C. is effected either by means of a built-in producer 
or by the combustion of water gas which, of course, needs no 
purification. , 

The method of operation is as follows Two of the three 


160 V IISDU^TKIAL " : 

grouu3 are supplied with water gas for 20 minutes, whereby 
ceduction of the. oxide takes place, and then treated with 
steam for 10 minutes, the reduction occupying more time 
than the oxidation. During the reduction phase the carbon 
monoxide and hydrogen of the water gas are only parti vf 
utilized and, consequently, the exit gases are used for heating 
tlie retorts, first passing through a condenser to remove th^ 



Fig. 20. — Diagram of the Lane Hydrogen Retort Furnace 
« (The Engineeiq. • , 

steam. When reduction is complete, the retorts contain 
water gas which, i^ passed into the h)^rogen gas-holder, 
would introduce carbon monoxide ; for this reason “ scav- 
enging " is resorted to, i.e. for a short time after admitting 
steam, the impure hydrogen is passed back into the water 
gas main and is thus ndt lost. Connection is then made to 
the hydrogen main. A convenient arrangement of change- 
over valves, as shown diagrammatically in Fig. 20, is employed 
to effect these operations, ^yhen changing from the oxidizu^ 
to the reducing phase the valve H is operated slightly in 
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advance of tlie valve K. The spent reducing gases, still 
containing some combustible gases, on leaving* the retortsp 
pass to condensers in which the bulk of the steam formed in 
the retorts is separated, and then are led to the combustion 
chamber. ^ 

It is important carefully to purify the water gas used in 
the reduction of the ore, as sulphur compounds exert a dele- 
terious influence causing disintegration and loss of activity. 
The water gas passes from the generators through a heat- 
interchanger in counter-current to the steam entering the 
generator, through a water scrubber to a gas-holder from which 
it is drawn by an exhauster into a series of purifiers charged 
with bog iron ore to remove sulphur compotmds, and then 
enters the retorts.* Four purifiers form a set, three being 
in use at once, the gas passing the three in series, entering 
the foulest* first. The thorough elimination of the sulphur- 
etted hydrogen from the water gas has an important bearing 
on the life of the reaction material. 

During the reduction phase there is some deposition of 
carbon arising from decomposition of carbon monoxide. 

2CO = CO2 + C + 39,300 calories (cf. p. 237). 

(For a fuller study of the complex equilibria of the 
system Fe/Fe0/Fe304/C0/C02/C, reference should be made 
to Baur and Glassner, Z. physik. Chem., 48 , (1903), 354 ; 
cf. also Carpenter and Smith, Trans, Iron and Steel Inst,, 
September, 1918.) • 

On passing steam, this carbon gives rise to carbon 
monoxide and carbon dioxide in the hydrogen. To minimize 
this effect and to remove accumulations of sulphur com- 
pounds, Ihe retorts are periodically burnt out ** by blowing^ 
air through them. 

Many attempts have been made, as has Jpeen mentioned 
in the patent synopsis, to prevent 1:he deposition of carbon 
in the reducing phase. Thus, Maxted, of Gas Developments, 
lytd., proposes to intrc 4 uce sufficient carbon dioxide into the 
reducing gases to give a COj/CO ratio higher than that 
corresponding to the CO2/CO/C equilibrium (cf. p. 237) by 
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using instead of ordinary water gas, a “ converted ” water 
^as (B.P. 12698/15 ; B.P. 125112/16, see p. 177). It should 
be pointed out that the equilibrium ratio of CO2/CO is not 
that given on pp. 238-9 for any particular temperature, e.g. 
700° C., but varies with the actual* joint partial pressure of 
carbon monoxide and carbon dioxide. By working from the 
value of K/, which equals pcoJPho> it is, however, easy to 
calculate the ratio for any particular condition. 

On leaving the retorts the hydrogen passes through a 
scrubber, then through lime purifiers, where carbon dioxide, 
resulting from the oxidation of carbon monoxide in accordance 
with the water gas equilibrium, is removed, into a holder. 

The temperature of the retorts is a matter of considerable 
importance, on account of its bearing on carbon deposition 
on the one hand, and on the life of the retorts on the other. 
The usual practice is to employ a temperature of about 
650° C. The retorts are stated to last about 12 to 18 months 
and the ore about 6 months. Assuming the life of the retorts 
to be 12 months, the depreciation is equivalent to a charge 
of about $d. per 1000 ft . 3 of hydrogen. 

In good practice, 2-3 volumes of water gas are necessarj’' 
for each volume of hydrogen produced. 

A con^derable number of plants have been erected in 
this country, in France and in ^Russia. The purity of the 
hydrogen mS^y be fairly high with careful working, e.g. 
99*5-9975 %, the main impurities being carbon monoxide 
and a little {e,g. 0*25 %) nitrogen., Plants are made with 
capacities from 250-10,000 ft.^/hr. The cost ’ of the 
hydrogen produced by this method is of the order of 3/- to 
4/- per 1000 ft .3 plus overhead charges (pre-war). 

The Messerschmitt Process.— This process has come 
into considerable use in Germany and was largely adopted 
by the Germaii War Department, which had some fifteen 
plants of 3500-20,000 ft.^hr. capacity (Barnitz, Met. and 
Chem. Eng., 15 , (1916), 494 ; J. Soc. Chem. Ind., (1916), 

1136). 

It differs from the Lane process in having much larger 
units which are of annular form in order to minimize 




Fig. 21. — Messerschmitt Hydrogen System. 

the other is raised slightly to afford room for the admission 
of the gases. The reaction material (iron ore or iron- 
manganese ore) is disposed in the annular space between the 
two cylinders. Chequer-work in the inner cylinder and 
between the outer cylinder and the furnace wall, serves to 
retain and regenerate the heat. A mixture of water gas 
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inner cylinder and the products of incomplete combustion 
pass downwards through the reaction mass in the annulus 
and upwards again outside the outer cylinder (secondary 
air being added at the last stage) and so out to the flue. 
After some 20 minutes, during which a temperature of 
700-800° C. is maintained, the water gas and air are cut 
off and steam is passed into the generator from below. The 
issuing impure gases are allowed to escape for a few seconds 
into the flue ; at this point the steam is diverted so as to 
enter at the top of the outer chamber, passing up through 
the reduced iron, the hydrogen being taken off at the top. 
Ten minutes suffices for the steaming operation, whereupon 
the cycle is repeated. The course of th^ combustion in the 
furnace may be reversed or the two directions may be 
alternated. In the Messerschmitt process the effect of carry- 
ing out the reduction with the partially burnt gases from the 
central heating chamber should be to prevent or minimize 
the deposition of carbon on the reaction material^ owing to 
the presence of carbon dioxide and its equivalent for this 
purpose, steam. The hydrogen is subjected to a final 
purification as in the I^ane process. 

Among^ the advantages claimed for the system are the 
ease of control of the working •temperature and the avoid- 
ance of oveflieating. The purity of the gas is variously 
stated to be 98*5 to 99*2 %, while the cost, which -varies 
with the size of the plant, is claimed to,be as low as 2/- per 
1000 ft. 3 inclusive of capital charges (pre-war). Little 
labour is demanded. When renewal is necessary the reaction 
mass is abstracted through Morton doors at the bottom. 
The apparatus is easily adapted to intermittent working 
should this be desired. 

• Process of^ the Internationale Wasserstoff A.G.— 

This process differs little ^n principle from the other processes. 
In its earlier form the plant consisted of two vertical iron 
cylinders heated externally to 700-800° C. The process 
has been taken over recently, by the B.A.M.A.G., which uses 
internally-heated firebrick shafts ; the cycle consists of three 
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periods, namely, heating, reducing and steaming. Water 
gas of the highest possible calorific power is used for the « 
reduction, the excess being subsequently burnt. As reaction 
mass, large lumps of burnt pyrites are used. Some carbon 
is deposited from the gaiiss ; the purity of the hydrogen 
may be 98-99 % with careJul working, the carbon monoxide 
not exceeding o*8 %. For plants producing 60,000 ft.* 
per hour, the cost, inclusive of labour and repairs, is stated 
to be about 3/4 per 1000 ft.* (Sander, /. Gashcleuchi., 58 , 
(1915), 637) (pre-war). 

Strache Process. — An older process due to Strache 
employs three vertical iron cylinders set in firebrick, of which 
No. I is a water gas generator, No. 2 contains iron oxide 
and No. 3 is a regenerator. The steam is passed in the 
reverse direction, i.e. from 3 to i via 2. 

With reference to all the above discontinuous processes, 
the general statement may be made that the hydrogen is 
liable to contain variable amounts of carbon monoxide, say 
0*25 to 1*5^ %, unless subjected to further purification. 

Dieffenbach and Moldenhauer Process 

When steam is passed through heated carbon, a mixture 
of carbon monoxide, carbon dioxide and hydrogen isproduced. 
In usual practice, e.g. in making water gas, the operation 
is conducted so as to give a high CO/CO2 ratio ; this is 
effected by working at a temperature such as 1000° C. 
While the conversion of, the carbon monoxide of water gas 
into carlJon dioxide may be realized by 'the B.A.M.A.G, 
process, proposals have been made, especially by Dieffenbach 
and Moldenhauer, to combine the two stages by conducting 
the actual gasification of the carbon at a relatively low 
temperature. This is accomplished by impregnation of the 
coke with a suitable catalyst, such“*as an alkaline salt, Jo 
increase the reaction velocity. • 

The idea is an attractive one ; on the other hand, there is 
no record gf any industrial success having been attained by 
such processes, neither are technical data of the process 
available. vSuch a process is unlikely to be of importance in 



production of pure hydrogen ; the matter is, however, of 
* sufficient interest to warrant a brief synopsis of the main 
patents. 

According toTessie duMotay andMarcchal (B.P. 2548/67) 
hydrogen is produced, together ; with carbon dioxide, by 
heating fuel with caustic soda or lime. B.P. 8426/92 b 
Krupp is similar. Steam is passed over carbonaceous matter 
mixed with hydrates, carbonates, etc., which limit the 
temperature of the operation, thus reducing the percentage 
of carbon monoxide. By passing over red-hot lime the 
carbon dioxide is removed ; this lime, as also that used in the 
generating retorts, being subsequently regenerated by the 
passage of steam. The same principle is elaborated by 
Dieffenbach and Moldenhauer in B.P. 7^18/10, according to 
which carbon is impregnated with clilorides, sulphates, 
sulphides, etc., and heated with steam when tlie reaction 
takes place at a low temperature, e.g. at 600° C., producing 
only a little carbon monoxide. Coal may be impregnated 
and then coked preparatory to being heated with steam. 
The operation may be carried out in externally-heated retorts, 
or oxygen may be added in small quantities to maintain the 
temperature. According to B.P. 7719/10, charcoal is impreg- 
nated wit]i salts especially silicates, and treated with steam 
at 550-750° C. The carbon monoxide content of the hydro- 
gen is claimCH not to exceed a few tenths per cent. In B.P. 
7720/10 it is stated that better results are obtained by 
impregnating crushed coal and br^uetting the product, so 
counteracting the tendency of the activity to fall bff owing 
to impregnation being only local. The same inventors, in 
B.P. 8734/10, advocate the addition of a considerable quantity 
of lime together with salts in order to take up the carbon 
dioxide and lower the carbon monoxide content (cf. the 
Qjiesheim-Elektron pr&cess). For example, coke is first 
impregnated with 10 % potassium carbonate solution, then 
mixed with 5 times its weight of lime and heated in steam 

550-750° C. The potassium carbonate limits the disso- 
ciation of the calcium carbonate by making the reaction 
possible at a lower temperature. 
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Bergius Process 

This interesting process depends on the action ot liquid 
water on iron or carbon at temperatures in the neighbourhood 
of 300° C., and consequently under pressures at least equal 
to the vapour pressure of the following values relating 
to the temperature region concerned : — 

Temperature °C. . . . . 250 300 350 

Vapour pressure (atms.) . . 39 89 167 

Above 365° C., i.e. the critical temperature of water, 
no liquid can be present. 

If carbon is used, the reaction differs from that obtaining 
in a gas producer in that the conditions for carbon monoxide 
production are much less favourable at the lower temper- 
ature in question. When iron is employed, the low temper- 
ature has in like manner the effect of preventing attack by 
the water on the impurities in the iron. The principal 
patents relating to this process are given below. 

According to D.R.P. 259030/11 of Bergius and Chemische 
Fabrik vorm. Moritz. Milch & Co., carbon is heated with water 
under high pressure to about 300® C. In an example cited, 
100 kilos, coke, 200 kilos, water, and i kilo, thallium chloride 
are heated together to 340° C. The resulting hydrogen and 
carbon dioxide are blown off at intervals and the carbon 
dioxide absorbed by lime. B.P. 19002/12 by Bs?rgius relates 
to the use of iron ; hydrogen is generated by the action of 
liquid water at tem^era^res above 100° C. on iron or its 
lower oxide, preferably in the presence of ’electrolytes, e.g. 
ferrous chloride. Metallic couples may be formed by the 
presence of metate electropositive to iron, e.g. an iron- 
copper couple may be used. In one exdmple iron shavings 
are treated with water at 300® C., the pressure being kept 
at 150 atmospheres ; while in anoth^?r, sodium chloride an^ 
a plate of copper are added, the pressure is allowed to rise 
to 120 atmospheres and a temperature of 250° C. is employed. 
In an addition to this patent, namely, B.P. 19003/12, Bergius 
describes suitable plant for carrying out the operations. 
In its essentials the apparatus consists of a steel pressure 
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vessel fitted with a reflux condenser, dry hydrogen being thus 
• obtained. D.R.P. 277501/13 describes a pressure vessel 
containing a central heating tube round which is arranged 
a series of reaction tubes, each of which may be brought in 
turn under a feed opening in th^ cover’ and by this means 
frequent removal of the main cover is avoided. A later 
patent, D.R.P. 286961/13, deals with the use of water in the 
form of steam at temperatures below 500° C. Electrolytes 
are preferably added as in the previous patents. 

An experimental plant was erected at Hanover (J. Soc, 
Chem. Ind., (1913), 462 ; Z. angew. Chem., (1913), i., 517 ; 
Z.fiir komp. und flussige Case, (1915), 33) to test the Bergius 
process. The plant consisted of si^c vessels, each of about 
1*6 ft .3 capacity and capable of genei^ating some 150 ft.^ 
of hydrogen per hour. A charge of iron was used, contained 
in a vessel inserted from the bottom of the bomb hnd forming 
a lining in order to protect the bomb itself from attack. Some 
90 % of the iron was oxidized in a period of about 4 hours. 
With carbon the action was rather slow. The carbon and 
sulphur in the iron are stated to be unattacked. 

In the following table are to be found comparative rates 
of reaction as influenced by additions : — 


lleactanls. 

Temperature “C. 

Hydrogen generated per hour. 

Iron -f pure water . . 

300 

230 C.C. 

» +FeClj 

300 

1390 c.C.#^' ' 

„ -f FeCla + Cu . . 

300 

1930 C.C. 

,, + FeCIg + Cu . . 

340 ^ 

• 3450 r-c- 


On leaving the reflux condenser with which each bomb 
was fitted, the hydrogen passed through a water separator 
to storage cyhnders. The gases being passed through a spiral 
cooled in liquid air and tte condensate examined, the following 
analysis, calculated for the original gas, was obtained : — 

t 

% 

Hydrogen 99-95 

Carbon monoxide . . . . o’ooi^ 

Saturated hydrocarbons . . 0*04 
Unsaturated hydrocarbons o*oi 
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By passage over charcoal at liquid air temperatures, a purity 
of 99*995 % could be obtained. * 

This process has certain attractive features — (i) the small 
floor space required ; (2) its suitability for small plants, 
e.g. for field work, on ac(Munt of the low initial cost and 
the discontinuous nature 01 the operations ; (3) the fact that 
only direct fuel heating is required ; (4) the production of 
compressed hydrogen and (5) the high degree of purity 
of the hydrogen produced. One would, however, expect 
repairs to be rather high in view of the intermittent character 
of the process necessitating very frequent breaking of large 
high pressure joints. The cost of hydrogen produced by this 
method is stated to be 1/^4^ to i/ii per 1000 ft .3 (pre-war). 

% 

Manufacture of Hydrogen by the Decomposition 
OF Hydrocarbons 

Under this heading may be described a number of 
processes all of which depend on the dissociation of hydro- 
carbons by the action of heat. Such dissociations may be 
attended either by evolution or absorption of heat. As an 
example of the first class, acetylene is typical — 

C2H2 = 2C + H2 + 47,800 calories. 

, • 

In consequence of the high heat evolution ^companied 
by no change in volume, the equilibrium conditions give 
almost complete decomposition except at very high temper- 
atures. With exothtrmiC hydrocarbons lij^e methane, on 
the other hand, the degree of dissociation rises more or less 
rapidly as the temperature is raised. Thus, taking the case 
of methane, we have the following equilibrium conditions at 
different temperatures for the equation : — 


CH4 ^ C + 2H2 — 21,700 calories. 


Temperature ®C. 

400 

500 

000 

700 

800 

900 

1000 

Percentage o{ me- 
thane in the dis- 
sociated product . . 

86' 2 

62- 5 

«i *7 

III 

4’4 

2 

I 
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the ^values at 900® and 1000° C. being obtained by extrapo- 
lation. The effect of temperature on the equilibrium 
CH4 +H20^C0 +3H2 is treated on p. 240. 

It must be borne in mind that methane is a very stable 
substance and that the equilibrjum values are only slowly 
realized, particularly in the absence of catalysts, until temper- 
atures in the region of looo'^ C. are attained. Further, the 
influence of increased pressure is greatly to increase the 
stability, since the dissociation constant K equals 



^CH4 


The question of decomposing^ hydrocarbons has long 
received attention. In B.P. 1466/76,. vSt. John describes 
the decomposition of coal gas hydrocarbons by passage 
through incandescent coke, while Stern, in B.P. 2787/80, leads 
naphtha vapour with steam over heated lime. Passing over 
a number of similar patents we come to the patents of 
Rincker and Wolter, F.P.s 391867/08 and 391868/08, according 
to which two coke-filled generators are heated to incandes- 
cence by the injection of air ; tar, oil, or other suitable 
hydrocarbon is then introduced into one generator, under- 
going transformation into hydrogen and carbon which is 
deposited in the generator. The generators are used alter- 
nately. A'Tiew line is taken by Machtolf in B.P. 14601/06. 
According to this patent, acetylene compressed to, 4 to 6 
atmospheres and mixed with oil gqs, etc., is exploded electri- 
cally ; hydrogeh and lampblack are 'thus produced. In 
B.P. 15071/09, Lessing describes the production of hydrogen 
from coal gas by passing through a retort either empty or 
containing carbon,’ and heated to 1000-1300° C. In like 
manner, Nauss (B.P. 2298/10) passes coal gas over nickel 
^t 250-300° C., whereby the carbon monoxide is converted 
into methane ‘ which is subsequently decomposed by treat- 
ment with coke at 1000-1200° C. According to Dieffen- 
bach and Moldenhauer (D.R.P. 229406/09), hydrocarbons 
mixed with steam are heated and passed through a catalyst 
consisting of gauze of nickel, platinum, etc., disposed at 
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right angles to the current ; it is claimed that with such short 
exposure to the catalyst carbon dioxide is formed witfiout 
the production of carbon monoxide. Oxygen may be added 
to maintain the temperature. 

We will next consider series of patents by Pictet, who 
in B.P. 24256/10 prescribes the passage of acetylene, alone 
or mixed with other hydrocarbons, under slight positive 
pressure, through a conduit maintained by cooling at about 
500° C. If liquid hydrocarbons are added to the acetylene, 
the cooling may be effected by their evaporation. The heat 
evolved by the decomposition of the acetylene serves for the 
decomposition of the exothermic hydrocarbons added. 
According to B.P. 13397^11, petroleum is distilled into a long 
tube maintained at 1200-1350° C. by the supply of a certain 
number of calories, while in an addition to this patent, namely 
B.P. 14703/11, the admixture of steam with the petroleum 
is prescribed, so that the carbon is wholly or partially con- 
verted into carbon monoxide. B.P. 16373/11 relates to the 
addition of oxygen to the steam-petroleum mixture. The 
combination of the carbon and oxygen give sufficient heat 
to enable the reaction, represented by the following equation, 

C + H2O = CO -p H2 — 29,100 calories, 

to proceed. The products in the two last patents are naturally 
mixtures of hydrogen and carbon monoxide. 

Bt)sqh, in D.R.P. 268291/11, describes the continuous 
decomposition of acetyleiie under pressure. B.P. 12978/13 
(Badische\;o.) relates* to the passage of a mixture of hydro- 
carbons and steam over a catalyst consisting of a medium 
such as magnesia catr^dng 2-5 % nickel and maintained at a 
temperature of 800-1000° C. The 'carbon monoxide 
formed is subsequently removed. The B.A.M.A.G. (B.P. 
2054/14) proposes to improve upod the usual practice^ 
in the process for manufacturing hydrogen* by cracking 
oils in a mass of heated coke, of spraying the oil on the coke, 
by effecting^ evaporation of the oil in an external chamber 
heated by the waste gases from the generator during the 
heating phase. Deposition of difficultly combustible carbon, 
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which may choke up the generator, is thus avoided. Ellis 
(U.S.P. 1092903/14) proposes to add lime to the fuel in order 
to flux the ash and prevent clinkering difliculties, while 
Brownlee and Uhlinger (B.P. 5098/15) describe a chamber 
which contains refractory material and is alternately heated 
with fuel gases and used to decompose hydrocarbons, the 
carbon formed being carried along with the h>'drogen. 

The principal processes which are known to be in 
actual operation are the Carboiiium Gesellschaft, Rincker 
and Wolter, Oechelhauser, and B.A.M.A.G. (Bunte) pro- 
cesses. 

Carbonium Gesellschaft Process.— In this process 
which is founded on the patent of Machtolf (see p. 190) 
acetylene is compressed to about 2 atmospheres and ignited 
electrically. Complete decomposition takes place with 
production of lampblack which is separated and forms a 
valuable pigment, about 60 lbs. per 1000 ft.^ of hydrogen 
being formed. After passing through large scrubbers the 
hydrogen is obtained in an exceptionally pure state. The 
commercial success of the process depends on a ’market for 
the lampblack. A Zeppelin station at Friedrichshafen was 
supplied with hydrogen made in this way. 

That the process is not free from danger is evidenced by 
the fact' that this factory was largely destroyed by an 
explosion is 1910. The cost (pre-war) of the hydrogen by 
this process is stated by Sander to be about 4/- p.er‘ 1000 
ft .3 

Rincker and Wolter Process.— T! his method’ of making 
hydrogen is due to two Dutch chemists, Rincker and Wolter, 
and has been developed by the B^A.M.A.G. and the 
HoUandsche Residugas-Maatschaapij. Two generators of 
the producer type are filled with coke. After heating the fuel 
beds to a high tempemture by an air blast, the air producer 
gas from one ’generator being burnt by secondary air in the 
other, tar, oil, or other cheap hydrocarbon is sprayed in at 
the top of each generator for about a minute ; decomposition 
is complete in about 20 minutes, the hydrogen escaping at 
the bottom. The ” blow is then repeated, this time in 
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the reverse direction. The carbon formed during the "make ” 
is deposited on the coke and is burnt out in the next blow ” 
period. After traversing a system of scrubbers, coolers and 
driers, hydrogen of the following percentage composition is 
obtained (Ellis) ^ 

Hydrogen . . . . 96 

Nitrogen . . . . i ’3 

Carbon monoxide . . 27 

By a further purification with heated soda-lime an 
analysis as below is obtained : — 

% 

Hydrogen . . . . 98 ‘4 

Nitrogen* .. .. i‘2 

Carbdn monoxide . . 0*4 

A plant’ producing 3500 ft.^/hr. is stated to cost ;^550 
exclusive of erecting expenses (Ellis), while the hydrogen 
costs 2/6-4/- per 1000 ft.^ (pre-war). Plants are usually 
arranged to work normally for the production of illuminating 
gas, and for hydrogen manufacture when required. Portable 
plants on the Rincker and Wolter system have been used by 
the Russian and German Air Services. Two generators lined 
with firebrick are employed and are mounted on twg railway 
trucks together with a turbd-blower and oil pump ; the 
plants have a capacity of about 3500 ft. 3 /hr. "^Some 2-3 
hours ^re required to start up ; only coke and oil are used 
as raw materials, while t’gro men are sufficient to operate 
the plant. * 

Oechelhauser Process. — This process, as to the com- 
mercial operation of which little has been published, depends 
on passing coal gas through vertical or ’horizontal retorts 
heated to 1200° C. and filled with coke. The lampblack 
formed is partly deposited on the coke and partly carried^ 
along with the hydrogen wherefrom it is# filtered by wood fibre. 
After cooling and purification the gas consists of 80-84 % 
hydrogen. T^he following analysis indicates the nature of 
the changes induced (Eepsius^ Monit. Scient,, (1912), 

493) 

A. 




Coal gas. 

Product of process. 

IT" 

% 

% 

Heavy hydrocarbons, carbon dioxide, 
oxygen and nitrogen 

7-8 

— 

Carbon monoxide 

5‘3 

7*3 

Methane ^ 

f 247 

6*9 

Hydrogen 

59*6 

807 


The cost of production of this impure hydrogen is stated 
by Lepsius to be about the same as that of the original coal 
gas since there is an expansion, or about 2/9-3/6 per looo 
ft.* (pre-war). 

On a modification of this method of making hydrogen 
is based the 

B.A.M.A.G. (Bunte) Process —This process, arising 
out of experiments by Bunte, is similar to the Oechelhauser 
process. Coal gas is freed from carbon dioxide and led 
over white-hot coke. After removing carbon monoxide 
by soda-lime the product is stated to be almost pure 
hydrogen, containing only a little nitrogen. The nitrogen 
content, however, will be not less than that origifially present 
in the coal gas, making due allowance for the increase in 
volume. Crude hydrogen may be readily manufactured in 
this way in ordinary gas works, but purification by soda-lime 
is not attractive technically. <■ 


Manufacture of Hydrogen by Electrolysis 

General.— 5 lydrogen is obtained electrolytically (i) by 
the electrolytic decomposition of dilute acids or alkalis 
as a special operation, or (2) as a by-product in certain 
electrochemical operations, e.g. the electrolysis of brine, with 
the production of caustic soda, the electrolysis of fused caustic 
esoda in the manufacture of sodium, etc. Since, in many 
cases of the* second tlass, the plant is not adapted to the 
collection and storage of all the gas evolved, the hydrogen is 
largely wasted ; in view of the exceptional purjty of the gas 
this is to be deplored. . 

} It will be well at this stage to give some of the constants,^ 
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to which all electrolytic processes for decomposing water 
may be referred. 


96,470 coulombs (ampere-seconds) liberate - erams of an ion, 

valency of ion ® 

I ampere-hour liberates 

*1 o 4i8*6c.c.hydrogenl . ^ p 

„ „ 209-3C.C. oxygen / 

„ „ 441*6 c.c. hydrogen! at 15® C. and 760 mm. 

,, 220*8 c.c. oxygen / pressure. 

,, „ 0 01560 ft.* hydrogen! at 15* C. and 760 mm. 

,, „ o- 00780 ft.* oxygen / pressure. 

1000 ft.* of hydrogen at 15® C. and 760 mm. pressure require 64,123 
ampere-hours. 

Decomposition voltage of water =1*67 volts. 


1*67 is the lowest voltage at which a permanent current 
may be passed through water and consequently determines 
the minimum possible energy expenditure, namely 107*1 
K.W.H./iooo ft .3 of hydrogen at 15° C. This efficiency 
cannot be attained in practice, however, as the resistance of 
the electrolyte necessitates an increase in the voltage to 
from 2 to 4 volts according to the electrolyte and the con- 
struction of the cell, thus raising the energy expenditure 
from 128 to 256 K.W.H./iooo ft.^ of hydrogen. 

It may be stated broadly that there are three main 
aims in the design of electrolytic cells : (i) to obtain the 
lowest possible resistance ; (2)* to prevent intermijdng of the 
gases ; (3) to avoid corrosion of the component parts of the 
cell. These problems have been solved, as far as the con- 
flicting natjire of the circumstances allows, as, follows : (i) by 
using short columns of electrolytes having high electrical 
conductivity, the heat produced by the resistance of the 
electrolyte being conserved so as to maintain a temperature 
of, say, 70° C., and lower the resistance ; (2) by the provision 
of partitions or diaphragms, porous or ptherwise, between the 
electrodes, or by the provision of tortuous paths for th€ 
current in the electrolyte, also by precautions to maintain 
equal pressures in the two electrode compartments and 
(3) by suitable selection of materials and electrolytes. The 
conditions for (i) and (2) are somewhat in opposition ; thus, 
.^(Maphragms, etc., increase the resistance. 
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•A brief survey of the important work on this subject 
will be given here in chronological order : — 

As early as i88i, Barlow, in B.P. 1897/81, proposed the 
electrolysis of water, while d’Arsonval (Elektrotech. Zeits., 12 , 
(1891), 197) produced oxygen^ for physiological purposes 
on a large laboratory scale in 1885, using as electrolyte 30 % 
caustic potash solution with a linen diaphragm. Appar- 
ently the first large scale apparatus was constructed by 
Latchinoif (B.P. 15935/88). Either an acid or an alkaline 
electrolyte was used, with asbestos or parchment diaphragms. 
In another form of apparatus Latchinoff introduced the use 
of bipolar electrodes for the electrolysis of water. He also 
devised an apparatus for conducting the electrolysis under 
a pressure of 120 atmospheres. Renard took up the question 
from a military standpoint in 1888 (Soc. de Physique, (1890), 
224 ; D.R.P. 58282/90) and used alkaline electrolytes, per- 
mitting the use of iron or steel electrodes. A further advan- 
tage of alkali is the absence of ozone, thus permitting the use 
of rubber for connections. An asbestos diaphragm was 
used, an E.M.F. of 3 volts being required. Inter-connected 
hydraulic seals were employed to equahze the pressure in 
the anode and cathode compartments. In 1892 a new 
principle was introduced by^Garuti (B.P. 16588/92) in the 
use of a ivetal partition to avoid the disadvantages of high 
resistance and frequent renewals associated with porous 
diaphragms. The metal diaphragm does not reach to the 
bottom of the oell and the E.M.F .•is kept below that at which 
the diaphragm will act as a bipolar electrode, say roughly 
about 3 volts. The apparatus is submerged in the electro- 
lyte to prevent mixing of the gases. A modification of this 
idea is embodied in the patent of Siemens and Obach (B.P. 
11973/93) in which the use of wire gauze diaphragms is 
’proposed. Garuti^ai\d Pompili, in B.P. 23663/96, also tr>^ 
to lower the resistance by the use of diaphrs^ms perforated 
in the lower parts. In 1899 an important advance was 
made by Schmidt who, in D.R.P. 111131/99, revived the idea 
of bipolar electrodes in combination with asbestos diaphragms 
in a practical way, the plant taking the form of a filter press/ 
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in which the respective gases were led away by channels 
similar to those in filter-press practice. A noteworthy 
economy in floor space is thus effected. Schoop, in Austrian 
Patent 1285/1900, describes an apparatus which dispenses 
with a continuous diaphragm, replacing this by a collecting 
bell of glass or clay round each electrode. We find another 
patent by Garuti and Pompili, B.P. 12950/1900, where 
soldering is avoided by a special method of construction 
of the iron cells. The cells and diaphragms are prolonged 
below the electrodes. A later patent, B.P. 2820/02, relates 
to covering the perforations in the diaphragms with gauze, 
while in B.P. 27249/03, the same inventors describe apparatus 
for purification of the gases by passing them over heated 
platinum wire. In B.P. 17981/06, the Elcktrizitiits Aktien 
Gesellschaft, vorm. Schuckert & Co. substitutes for the usual 
diaphragm mi insulated bell disposed over one electrode, 
the cell forming the other electrode ; in later patents, B.P.s 
3000 and 3000A/07, two bells are used, each in electrical 
connection with its corresponding electrode and separated 
from the other by a screen of insulating material which 
projects well below the bells. Cowper-Coles, in B.P. 14285/07, 
dispenses with diaphragms and uses tongue-shaped projections 
(pointing downwards) on the electrodes as guides to the 
gases, while B.P. 24716/09 by Eycken, Leroy and Moritz 
deals with various precautions against mixing, especially 
when the gases are used under considerable pressure, in an 
apparatus of the filter-pjess type, the outlets being con- 
trolled b^ floats. In B.P.s 27264/10 and 21600/11, 
Knowles describes a catalytic purifier with heat regenera- 
tion and with water seals supplied by the water produced 
in the purifier. Electrolytic plants bf the filter-press 
type are described by the Soc. Anon. rOxhydrique Fran- 
9aise and Levin in B.P.s 18818/13 and 3654/14 respec- 
tively. The recent patents on this, subjkt are very 
numerous ; it will perhaps suffice to mention the following : 
U.S.P. 1086804/14 by Burdett, D.R.P. 275515/14 by Mas- 
chinenfabrik Oerlikon, B.P. 101598/16 by Churchill and 
Geeraerd, and U.S.I\s 1239530/17 and 1256067/18 by 
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Schriver, as examples of patents which have been developed 
^ confmercially. 

Principal Electrolytic Processes used in Practice 

The best known processes for the electrolytic decompo- 
sition of water are the Schuckert, Schmidt (Oerlikon), 
Garuti, Schoop, Churchill, International Ox3'gen Co., Schriver 
and Burdett systems. It may be mentioned that electro- 
lysis, at any rate in the past, has been used for the production 
of oxygen rather than hydrogen except as regards hydrogen 
for military purposes. 

Schuckert Process. — In the Schuckert apparatus each 
cell usually takes 600 amperes. T]ie electrodes are of iron 
and are covered with iron bells insulated from the electrodes 
and separated by a sheet of insulating material. As electro- 
lyte a 20 % caustic soda solution is used. In order to 
minimize the resistance, the temperature is allowed to rise 
to 60-70° C. by packing round with sand, when 2‘8-3 volts 
are required. Some corrosion of the electrodes takes place 
necessitating occasional renewals. For a plant producing 
some 10,000 ft .3 of hydrogen per day, the energy expenditure, 
according to Lepsius (Monit. Scient., (1912), 493), costs 2/3 to 
11/3 per ,1000 ft ,3 hydrogen plus 500 ft .3 oxygen, while the 
total cost (not including corfipression) is 6/- to 15/3 per 
1000 ft. 3 hydrogen plus 500 ft . 3 oxygen, when electric energy 
costs to 0*59^?. per K.W.H. By calculation from the 

above figures, 1000 ft .3 hydrogen pjus ^00 ft .3 oxygen require 
227 K.W.H. According to Blum (Metall, and Cnem. Eng., 
(1911), 157), 275 K.W.H. are required. 

This process is stated to be expensive and demands 
a large floor spacel'but gives very pure gases. The purity 
of the hydrogen leaving the cells is about 99 %, that of the 
qxygen about 97 %. * The gases pass through scrubbers 
and then through catalytic purifiers. 

A Schuckert plant was installed many years ago by 
Herseus of Hanau ; there are plants also at KehJ am Rhein, 
at Metz, at the Wolverhampton works of the British Oxygen 
Co. and several plants in the United States. 
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Schmidt Process. — Schmidt's multiple cell takes the 
form of a filter-press with, for example, 40 bipolar electrdfles 
in series. The electrodes are separated and insulated by 
asbestos diaphragms, reinforced at the edges with rubber. 
By means of passages similar to those in a filter-press, the 
hydrogen and oxygen respectively are led to the two sides 
and pass to chambers where the spray is separated and caused 
to flow back to the bottom of the cells. The gases may be 
taken off under a pressure of some 3 lbs. per in. 2, or even up 
to 35 lbs. pressure, this being advantageous for long pipe 
lines. This plant is very compact and free from complicated 
gas and current connections. The electrolyte is a 10 % 
solution of potassium carbonate or potassium hydrate. 
An E.M.T. of about ^2‘3 volts per cell is required at 60° C. 
According to Lorenz the current efficiency is 86 %. Energ}^ 
required pefiooo ft.*** hydrogen plus 500 ft.^ oxygen is about 
170 K.W.H. according to Dammer ; at 0*25^:?. per K.W.H. 
the cost for current is 3/6. Purification is effected by passing 
the gases over platinized asbestos at 100® C. Traces of carbon 
monoxide, derived from the rubber of the joints, are found in 
the oxygen. The purity of the hydrogen is 99 %, that of 
the oxygen, 97 %. A Schmidt plant was installed by the 
Swedish Navy. 

The manufacture of the •Schmidt cell was taken over 
by the Oerlikon Co., who installed a plant at the Eftrnborough 
Air Station, cf. p. 232. Similar apparatus is made by the 
International Oxygen Cg., by Schriver and Co., and by 
other firms (see below, p. 200). 

Garuti Process. — The Garuti cell has an iron diaphragm 
which is insulated ^rom and projects below the electrodes, 
not functioning as a bipolar electrode so*long as the voltage 
does not exceed twice the decomposition voltage of water 
or, say roughly, 3 volts. The absence of a porous diaphragm 
ensures a low resistance, while to decrease this still further, 
the diaphragms are perforated opposite to the centres of the 
electrodes, the holes being covered with gauze. A number 
of narrow cells are arranged together and submerged in a 
tank of electrolyte, iC hydraulic seal being used to prevent 
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increase of pressure and mixing. As electrolyte, 26 % 
caustic potash solution is used. The gases are purified 
by passing over heated platinum wire ; the purity attained 
is 98-99 % for the hydrogen, 97 % for the oxygen. E.M.F. 
required is about 2’5 volts, and the current efficiency about 
96 % (Buffa). Electrical energy per 1000 ft.3 hydrogen 
plus 500 ft. 3 oxygen is therefore 167 K.W.H., and cost of 
this at 0*25^. is 3/6. At 0*5^^. per K.W.H., the cost per 
1000 ft.3 hydrogen plus 500 ft.^ oxygen is stated to be about 
9/- uncompressed. 

Garuti plants have been installed in Rome, Tivoli, Terni, 
Lucerne, Monthard, and by the American Oxhydric Co., 
Milwaukee, Wis. ^ 

Schoop Process. — The Schoop process employs no 
diaphragm, but each of the long narrow tubular electrodes 
is surrounded by a collecting tube of glass or ''clay. Two 
anodes and two cathodes are mounted in each cyUndrical 
cell. Using iron and an alkaline electrolyte, the voltage is 
about 2*25 volts, or if lead electrodes and dilute sulphuric 
acid are used, 3*6 volts. A high degree of purity is claimed 
for the gases, namely, hydrogen 97*5 %, oxygen 99 %. 

With an acid electrolyte, which is apparently most com- 
monly u^d, the electrical energy per 1000 ft.^ hydrogen 
plus 500 ft.3 oxygen for a voltage of 3*6 and a current effici- 
ency of locf %, would be 230 K.W.H., costing 4/10 for power 
at o-25(;./K.W.H. 

With an alkaline electrolyte a/ad a voltage of 2*25, the 
power would be' 144 K.W.H., the cost of which ‘at 0*25^./ 
K.W.H. would be 3/- ; the cost of the plant is higher in this 
case. . 

Plants have be4h installed at Kalk am Rhein and else- 
where. 

, International Oxygen Co.^s Processes.— The Inter- 
national Oxygen Ca, 6 i Newark, N.J., has two well-tried 
systems : — 

(i) Bipolar Filter-press 7 This is very siqiilar to that 
of Schmidt ; the large cells pse a current of 400 amperes at a , 
vdtage of 2, a set of 60 electrodes running on 120 volts. ;> 
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By using electrodes of commercially pure iron, nickel-plated 
on the anode side, the over-voltage is minimized. *The 
energy is guaranteed not to exceed 127 K.W.H. per 1000 
ft .3 hydrogen plus 500 ft.^ oxygen (measured at 15® C. and 
760 mm.), with an electrolyte of 29 % caustic potash solution. 
This corresponds to a cost of 2/8 for current at o*25^?./K.W.H. 
As electrolyte, 14*5 % caustic soda solution may also be used. 
The purity of the hydrogen is stated to be 99*5 % and that 
of the oxygen 99 % on leaving the generators. The usual 
purifying and safety devices are employed. 

(2) Unit Cell Type . — Enclosed oval cells are used with 
hydraulic seals for the cover and diaphragm, the latter 
being of asbestos. The tank itself forms the cathode, and 
an alkaline electrolyte is used. Energy consumption and 
purity of the gases are very similar to those relating to (1) 

Other ^Processes. — ^Apparatus of the filter-press type is 
constructed by T. Schriver and Co., Harrison, N.J., the 
performance of the plant is very similar to that described 
above for the International Oxygen Co. type (i). 

The Cliurchill apparatus consists of narrow cells, the walls 
of which form the electrodes. No diaphragm is employed 
and intermixing of the gases is prevented by the provision 
of a series of glass or earthenware vanes arranged close to the 
electrode walls at an angle of about 45°, pointing downwards. 
The electrodes may be provided with verticsd grooves to 
allow pf the escape of the gases past the vanes. Owing to 
the absence of a diaphragm, the cell has a low resistance, 
and worts at 2 3 volts. The energy requii’ements are about 
155 K.W.H. per 1000 ft.^ hj^^drogen plus 500 ft .3 oxygen. 

The Burdett p^nnt has a number of electrodes in a tank, 
and the gases are taken off by means*of bells divided into 
compartments by asbestos diaphragms. 

In the above processes an addition of distilled water is 
made daily to compensate for that^ decomposed ; about 4J 
gallons are required per 1000 ft.^ of hydrogen neglecting 
evaporatipn. With alkaline electrolytes, absorption of 
carbon dioxide is largely prevented by the layer of water 
vapour on the surface when warm, or a layer of oil may be 





Those systems employing light gauge electrode^ 
;|is tfie Garuti and Schuckert types, are liable to corrosipti 
of the anodes at high current densities possibly due to the 
presence of chlorides or sulphates in the alkali. Such corrosion 
increases the resistance, while iron may be deposited on the 
cathode and cause short-circuiting. 

It may be stated in general that the production of hydro- 
gen by the electrolytic decomposition of water is expensive 
compared with other processes unless a very cheap source 
of energy is available ; further, a very large floor space is 
required. The purity of the gases, after passing over a heated 
catalyst, is very high (cf. p. 213), and provided that due 
precautions are taken against intermixing, the process is 
safe and requires little attention. The prevention of mixing 
is very important when the gases are compressed, and several 
cylinder explosions have been traced to neglett in this 
particular (cf. also p. 39 scq.). Injury to the diaphragm, 
blockage in the system, excess voltage on cells of the 
Garuti type, or too great current density, may cause such 
mixing. 

The question of automatic apparatus for the detection 
and estimation of oxygen in hydrogen or vice versa is dis- 
cussed on p. 33. 

Danger Limits as regards Intermixing in Electro- 
Ijrtic Hydrbgen and Oxygen.— The inflammability of 
mixtures of hydrogen and oxygen depends to a considetable 
extent on the mode of ignition, but ^he limits may be taken 
^ 5*3 % oxygen ahd 5*5 % hydrogen in hydrogen ani oxygen 
respectively (Fischer and Wolf, Ber,, 44 , (1911), 2956). 
A.ccording to Bmrell and Gauger (loc. cik, p. 40) the effect 
on the explosive lidiits of increased pressure up to 100 
atmospheres is very small (cf. also p. 40). 

^ Hydrogen as a By-Product 

Hydrogen is produced in large quantities as a waste 
product in certain electrochemical industries, in the 
[iastner-Kellner and other processes for the manufacture of 
::austic soda by the electrolysis of brine. In the electrolysis, 



;^:a volume ot 7230 it.« 01 nyarogen at 15 c..is ineoretically 
produced per ton of sodium chloride electrolysed. *The 
Griesheim-Elektron works at Bitterfeld and Rheinfelderi 
produced, according toEepsius {i9ii),some 250,000,000 ft.^^ 
ix, about 600 tons, of hydrogen per annum, or 700,000 ft.' 
per diem, enough to inflate a dirigible balloon of moderate 
size. The purity of the hydrogen is 90-97 %. If ingress ol 
air and chlorine be prevented, the hydrogen is, of course, oi 
a high degree of purity. 

On the advent of the Zeppelin in 1898 the gas was 
collected, hydrogen from this source becoming a commercial 
article. Hydrogen in a compressed state may now be 
obtained in England from the Castner-Kellner Co., whose 
daily production some 500,000 ft. 3 , but before the war 
at any rate, the bulk of the gas was wasted. Some of the 
hydrogen has been used by this firm for the production 0 
pure hydrochloric acid for analytical purposes, etc., by direc 
combustion with the chlorine simultaneously liberated. Thii 
may be effected either by actual combustion or by combina 
tion in the presence of a catalyst, e.g. charcoal. Specia 
precautions are necessary to prevent intermixing of the gaseu 
outside the combustion chamber. 

Other Processes for the Manufacture of 
Hydrogen 

Before leaving the n\^nufacture of hydrogen by methods 
suitable for use in stationary plants, it will oe well to consider 
briefly a few patents, etc., which do not fall under the preced- 
ing general head^:iigs and which, although in most cases of 
little commercial importance, are mentioned for the sake of 
completeness. Some of the methods are also of interest in 
connection with field operations (vicie infra). 

By the Action of Acids or Alkalis oh Metals.— The 
use of the action of acids on iron, zinc, etc., has been 
proposed JErom time to time, the expense of the processes 
being, in general, pnly tolerablf where valuable by-products 
are secured. 
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In B.P.s 16277/96 and 15509/07, Pratis and Marengo 
descnbe apparatus for the generation of hydrogen from 
sulphuric acid and iron. CaruUa, m B.P. 23702/08, proposes 
to absorb the hydrochloric acid from salt cake manufacture, 
by means of towers packed with iron scrap, the ferrous chloride 
liquor being worked up for iron oxide. In like manner Barton 
(B.P. 28534/10) suggests the interaction of zinc and sulphuric 
acid, the zinc sulphate solution being used to produce zinc 
carbonate for use as a pigment and filler, while Eastwick 
(B.P. 10228/11) uses the acid-zinc generator as a battery. 
B.P. 107807/16, by Becquefort and Deguide, relates to the 
utilization of sodium bisulphate by treatment with iron 
scrap. Another patent, B.P. 25891/11, by the Chemische 
Pabrik von Hey den, A.G., deals with the production of 
hydrogen by the action of ammonia on alloys of the alkali 
metals in a finely divided state. P^urther details referring 
to such methods will be found under Field Processes in the 
following section. 

Separation of Hydrogen from Water Gas and the 
like by Physical Methods. — ^The only process of' technical 
importance coming under this category is the Linde-Frank- 
2aro process, which has been already described. 

Among other suggested processes may be mentioned that 
proposed by d’Arsonval {Ann. Ohim. et Phys., [7], 26 , (1902), 
^6), based ’^n the experiments of Dewar, who showed that 
:oal gas could be freed from hydrocarbons by cooling to a 
iuitable temperature with liquid air. Mazza, in B.P. 12194/02, 
ind Elworthy , in B .P. 10581 /06, propose to effect a preliminary 
teparation of hydrogen and carbon monoxide (water gas) 
)y centrifugal action, final purification of the two fractions 
)eing carried out according to Elworthy by chemical means, 
.g. by cuprous chloride and caustic soda (cf. also B.P. • 
7946/05 by Clamond). ' 

Several othel^ pate^nts^ deal with diffusion methods. Thus, 
a B.P. 22340/91, Pullman and Elworthy describe the 
'reduction of a mixture of hydrogen and carbon dioxide 
»y passing excess superheated steam over red-hot coke 
nd subsequent separation of the gases by diffusion through 
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diaphragms of plaster of Paris or porous earthenware. 
Jouve and Gautier, in F.P. 372045/06, deal with a sifnilar 
separation of the constituents of water gas by means of 
unglazed earthenware ; it is stated that the percentage of 
carbon monoxide is reduced from 25 % to 4*4 % by a single 
passage. Cf. also Nussow, D.R.P. 295463/13, where liquid 
{e.g. water) or soHd diaphragms are used. Snelling, in 
U.S.P. 1174631/16, in the separation of carbon monoxide 
from hydrogen uses a septum of porous earthenware or 
alundun, with a thin coating of platinum or palladium, 
heated to above 800° C. The operation is preferably 
conducted under pressure. 

Through the Intermediary of Formates.—A number 
of patents relate j:o the production of hydrogen by the 
decomposition of formates, prepared from producer gas and 
the like. 'Thus, Feldkamp, in B.P. 22225/05, prescribes 
the production of formates from producer gas by the action 
of alkali solutions (cf. pp. 248, 316), and subsequent heating 
of such ^rmates with production of oxalates and hydrogen. 
Similarly the Badische Co., in B.P. 30073/13, and Weise and 
Rieche, in U.S.P. 1098139/14, deal with the production of 
formates, using e.g, 20 % caustic soda liquor heated under 
pressure, with subsequent decomposition of the formate, 
either in the presence or absence of the residual nitrogen ; 
in this way (i) a mixture of nitrogen and hydrogen (see p. 207) 
or (2) .hydrogen is obtained. 

Miscellaneous Methods.— In B.P. 2080/81, Helouis 
describes a process whereby carbon monoxide is removed 
from water gas by passing over calcium sulphate heated to 
redness 

CaS 04 + 4 C 0 = CaS+4C02 


the carbon dioxide being absorbe'd by sodium carbonat 
solution. 

Hutin, in B.P. 23370/94, covers an alloy of sodium and 1 
heavy metal with a layer of concentrated sodium hydrat 
solution, the watei: content of which is maintained by supply 
ing with steam above. A too violent reaction is thus avoided 
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According to Lahousse, in F.P. 361866/05, steam is 
iecoinposed by passage over red-hot barium sulphide, which 
s subsequently regenerated by the reduction of the resulting 
)arium sulphate with producer gas or coal. 

The Nitrogen Co., N.Y., in B.P. 17666/11, prescribes the 
production of hydrogen by the action of molten zinc, 
antimony, tin, etc., at a red heat on steam. The metal is 
regenerated by passing the oxide into a solvent where it 
comes into contact with carbon or other reducing agent. 
According to Kendall, in B.P. 26896/12, a mixture of sodium 
chloride or potassium chloride with molybdenum is heated 
and treated with steam. Hydrogen, hydrochloric acid and 
alkali molybdate are produced. The molybdenum is 
regenerated by reduction of the molybdate with coke when 
carbon monoxide and sodium or potassium vapour are formed 
leaving metallic molybdenum. Tungsten may be used in 
like manner. 

Teissier and Chaillaux, in F.P. 447688/12, propose to 
manufacture hydrogen and oxygen as follows : ^ Barium 
sulphate is first heated to a red heat with manganous oxide 
when reaction (i) takes place. On raising the temperature 
to a white heat reaction (2) occurs, and on treating with 
steam under pressure, reaction (3) results, giving the original 
mixture again : — ^ 

(1) BaSOi -I- 4MnO = BavS + 4Mn02 

(2) 4Mn02 = 4MnO -(- 2O2 

(3) ‘ BaS-f4H20 = BaS04-f4H2 

Hooton (B.P. 18007/14) proposes the treatment of iron 
pyrites with steam, T^hereby the ore is left almost free from 
sulphur while a mixture of hydrogen, sulphuretted hydrogen 
.and sulphur dioxide is 'produced. By interaction of the 
sulphuretted hyttrogep abd sulphur dioxide in the presence 
of bog iron ore, sulphur is deposited, any excess of sulphur 
3 iomde being removed by alkali. 

Siemens and Halske, in p.R.P, 220486/10, describe a 
process of treating calcium carbide with steam at a high 
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temperature, whereby hydrogen is liberated as represented 
in the following equation : — 

CaC2 "b 5^2^ ~ CaO 2CO2 “b 5^2 

The carbon dioxide is removed by the lime resulting from a 
previous operation, and a high degree of purity of the 
hydrogen is claimed. 

Production of a Mixture of Nitrogen and Hydrogen 
for use in Synthetic Ammonia Manufacture 

Reference has just been made (p. 205) to the production 
from producer gas of a mixture of nitrogen and hydrogen. 
There are a number *of industrial appUcations, e.g. the 
synthesis of ammohia and the filling of electric lamps, in 
which a mixture of nitrogen and hydrogen is required, and 
occasionally it may be convenient to produce the mixture in 
a single operation. Since in the B.A.M.A.G. continuous 
catalytic hydrogen process, any nitrogen present in the 
water gaS persists in the hydrogen produced, it is obviously 
a simple matter by using a controlled semi-water gas instead 
of water gas to produce a nitrogen-hydrogen mixture of 
any desired composition. Similarly in the Bane or Messer- 
schmitt process, instead of ^am, as in the usual’method of 
operation, a suitable mixture of air and stejm may be 
passed over the reduced iron (cf. Dieffenbach and Molden- 
hauer,' B.P. 12051/12, p. 177). According to Messer- 
^hmitt,.D.R.P. 291603713, if steam is passed first and air 
is substituted when oxidation is partly effected, a more 
complete oxidation of the iron results. As described in 
U.S.P. 1123394/15, Scholl obtains a mixture of nitrogen and 
hydrogen suitable for lamp filling by passing a correctly 
proportioned mixture of gaseous ammonia and air over heated 
catalytic material (cf. p. 113). 

Methods of Finai, Purification of Hydrogen 

Certain methc^s of remqval of foreign constituents- 
generally present oifiy in small quantities, not having been ^ 
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described previously under the various methods of mariu- 
facthre, will be given under this heading. 

Purification from Carbon Monoxide 

The elimination of carbon monoxide from admixtures 
with hydrogen demands special treatment as the ready 
oxidation of the hydrogen itself precludes the application 
of such methods as the simple treatment with red-hot copper 
oxide used for nitrogen. Generally speaking, the liigh 
pressure methods described are only economical in connection 
with the production of synthetic ammonia. 

(la) By Soda-Lime . — In B.P. 10164/89 Crookes and 
Ricarde-Seaver deal with the removal of carbon monoxide 
from water gas by soda-lime at a red heat. At this tem- 
perature carbonate is formed but the reaction may be carried 
out more advantageously at a lower temperature, fe.g. 180° C., 
with the production of formate, the absorption of carbon 
monoxide being facilitated by the use of pressure. 

(16) By Caustic Soda Solution. — B.P. 1759/12, by the 
Badische Co., relates to the removal of the last traces of 
carbon monoxide from hydrogen, containing, say i %, by 
passing through a solution of caustic soda at a temperature 
of 240-2^® C. imder a pressure of from 50 to 200 atmo- 
spheres. The reaction is, of' course, the same as that 
occurring vfith soda-lime. The resulting sodium formate 
is a valuable by-product, cf. applications of , carbon 
monoxide, p. 248. , 

(2) By Cuprous Chloride So/w/ion.— ‘Huntingdon, in B.P. 
15310/84, deals with the removal of carbon monoxide from 
producer gas by the action of ammoniacal cuprous chloride 
solution under pressure, the copper solution being freed from 
gas by subjecting to a vacuum. Cf. also Williams, B.P. 
19096/89. The use of alternate application of pressure and 
the release of tlie same% also claimed by Linde in D.R.P. 
289106/14. A series of patents by the Badische Co. follows. 
In B.P. 8030/14 are described special solutions pf cuprous 
chloride which do not attack iron, containing at least 6 % 
of ammonia, either free or as carbonate, for use in steel ; 
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vessels under nign pressure. B.P. 9271/14 deals with 
the employment for a similar purpose of ammoniacal cuprous 
solutions containing little or no halogen. Weak acids, such 
as acetic, may be present. According to a further patent, 
B.P. 20616/14, the addition of oxygen is prescribed in the 
use of ammoniacal cuprous solutions to prevent the separa- 
tion of copper and also to effect oxidation of part of the 
carbon monoxide to carbon dioxide. 

{3) By Conversion into Methane , — It is a simple matter 
to remove small quantities of carbon monoxide by conversion 
into methane ; this is only useful in cases where the presence 
of a little methane is not detrimental. The conversion 
is effected by means of a nickel catalyst at a temperature 
of 250-300° C. (cf. p. 240). 

(4) By Calcium Carbide , — Claim is made by Frank, in B.P. 
26808/06, for the purification of hydrogen from carbon 
monoxide, carbon dioxide, nitrogen and hydrocarbons by 
passage over calcium carbide at a temperature over 300° C. 
(Actually a much higher temperature than 300° C. is required.) 
The carbide may be mixed with other substances to promote 
the action. A later patent, B.P. 26928/06, prescribes a pre- 
liminary purification from oxides of carbon and other 
impurities before this treatment. 

Purification from Carbon uioxide» 

Carbon dioxide is an impurity the removal of which from 
hydrogen is often necessary, and a brief summary of the 
different nfethods proposed will be useful. 

Small quantities of carbon dioxide may be removed by 
ordinary lime purifier's, i,e, boxes containing trays of slaked 
lime ; if larger amounts are present, ather methods are 
preferable, the most important being dependent on the 
action of water under pressure. * 

In B.P. 1471/73 Baggs claims tke jemofal of carbon 
dioxide by washing with water or sodium carbonate solution 
underpressure, and I^ane, in B.P. 11878/10, abstracts carbon 
dioxide, sulphuretted hydrogen and sulphur dioxide from 
hydrogen by water under a pressure of several atmospheres, 
* 14 
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the ^energy of the released water being utilized. A process 
described by Claude, in B.P. 15053/14, depends on the use 
of lime-water instead of water in the pressure absorption. 
By adopting a counter-current system the final purification 
is effected by alkali and the initial treatment by water. 

In the use of water under pressure, it is usually necessary 
to complete the action with caustic solution, preferably also 
under pressure. Reference has already been made to 
the removal of carbon dioxide by the Bedford process of 
scrubbing with water under pressure in connection with the 
B.A.M.A.G. continuous catalytic process and the lyinde- 
Frank-Caro process for the manufacture of hydrogen. 

Solution may also be effected by ammonia liquor (Claus, 
B.P.s 15173/88 and 50/89), or by alkali carbonate or alkaline 
earth carbonate solutions (Reissig and Fandin, B.P. 2021/91), 
the carbon dioxide being subsequently expelled by heating, 
reduced pressure being also employed in the case of carbon- 
ate solutions, cf. pp. 264-8. 

Purification from Sulphur Compounds 

Sulphuretted hydrogen may be removed to a considerable 
degree of completeness by treatment with bog iron ore in 
purifiers ( such as are used in ordinary gas works practice. 
Several patents have been brought forward with the object 
of effecting a more rigorous purification, e.g. in U.S.P. 
1034646/12, Rabenalt proposes to remove sulphuretted 
hydrogen by passing through a solution of iodine which is 
continuously r^enerated by means 8f an electtic current. 
According to Pintsch,Strache and Hiller, in D.R.P. 286374/14, 
sulphuretted hydrogen is removed by passing rapidly through 
an ordinary oxidd' purifier first and then through copper 
sulphate solution. The residual copper sulphide is reoxidized 
fo sulphate by heating in air of oxygen at a temperature 
sufficiently high to,pr^ent separation of sulphur. 

The removal of carbon disulphide and organic sulphur 
compounds is much more difficult than that of sulphuretted 
hydrogen. Carbon disulpWde can be partially removed by 
passage through foul Hme (i.e. Ca(SH)2) as in ordinary gas 
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works practice, but the process is very unsatisfactory. In 
B.P. 14509/13, the Badische Co. prescribes the action of 
heated caustic soda solution under a pressure exceeding 
5 atmospheres for the removal of sulphur compounds, includ- 
ing organic sulphur compounds. Thus, a temperature of 
150-225° C. may be used for a 10-25 % caustic soda solution 
at 50 atmospheres (cf. also pp. 208, 250). 

A very interesting process has been evolved by Carpenter 
and Evans (B.P. 29673/10 ; Trans. Inst. Gas Eng., (1914), 183) 
in connection with coal gas and is in use on a very large 
scale by the South Metropolitan Gas Co., one installation 
treating 15,000,000 ft.^/diem. The carbon disulphide is 
converted into sulphuretted hydrogen by passing the gas 
over reduced nickel at a temperature of about 430° C., the 
sulphuretted hydrogen being subsequently absorbed in the 
usual way. • The carbon disulphide content is reduced from, 
say 40 grains/ioo ft. 3 , or 0*029 % volume, to about 1/5 
of this value. Carbon is deposited on the catalyst and is 
removed by the periodic passage of air about every month. 

According to Guillet, in B.P. 18597/12 and Soc. Tech, de 
rindustrie duGaz de France,” (1912), 245, carbon disulphide 
may be removed catalytically by passing the gas, freed from 
sulphuretted hydrogen, at a temperature of 80,-200° C. 
in the presence of water v&pour over iron oxide which 
absorbs the sulphuretted hydrogen formed. If 5 ir also be 
added, the sulphuretted hydrogen and the carbon disulphide 
may be removed in a sin^e operation ; in this case the exit 
gases are f)referably washed with alkali. In B.P. 3752/10, 
Bedford and Williams deal with the removal of sulphur 
compounds, etc., by cooling the gas to — 190° C. The removal 
of sulphur dioxide is effected by the meHhods given above 
for carbon dioxide and will take place at the same time if 
both impurities are present. 

Purification from Other Impurities 

The removal of arseniuretted hydrogen has been proposed 
by bubbling through petroleum copied to —110° C. by Renard 
(Comptes Rend., 136 , (1903), 1317), and according to Wentzki 
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[Chemische Industrie, 29 , (1906), 405) the same object may 
also be achieved by the use of bleaching powder or by passing 
through a red-hot tube containing copper turnings. 

Reference has been made already to the removal of small 
quantities of oxygen in connection with the manufacture of 
electrolytic hydrogen ; when the absence of this impurity 
is desired, it is very readily secured by passage over he .ted 
platinized pumice or other catalyst. 

Comparison of Costs of Production and Purity 
Attainable by the Different Methods 

The following table will serve to give some idea of the 
relative merits of the different processes from an economic 
stand])oint. The costs, whicli are on a pre-war basis, are to 
be regarded as rough approximations only. Overhead 
charges are not included. The low prices claimed for some 
of the processes are to be taken with reserve, especially for 
those which have not been developed, e.g. the Bergius 
process. The cost of electrolytic hydrogen is conditioned by 
the very variable price of electric energy and also by the 
credit for the oxygen. Reference may be made to Table 25, 
giving the cost of production by various Field Processes." 

As regards purity, values have also been inserted in the 
table. Generally speaking, it Inay be stated that the electro- 
lytic process, the Carbonium process and the Bergius process 
are those which alone give hydrogen of a high degree of purity. 
Hydrogen from the Linde-Frank-Caro process is quite free 
from sulphur compounds, while that made in the fi.A.M.A.G. 
continuous catalytic process is practically equally good in 
this respect. In both processes, however, an appreciable 
amount of carbon Inonoxide is present, as is also the case in 
a greater or less degree in all the remaining processes. The 
mtrogen content is of ’special importance only in connection 
with aeronautics, indindnishing the lifting power of the hydro- 
gen. All the usual impurities found in technical hydrogen have 
roughly the same density and, consequently, the same effect 
on the hfting power. The impurity of most importance is 
carbon monoxide, especially when the hydrogen is to be used 
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tor the manufacture of ammonia by the Haber process and in 
a lesser degree when used for the hydrogenation of oils (cf. 
“Applications of Hydrogen/’ p. 214). 

Taking ever}* thing into consideration, there can be little 
doubt that the B.A.M.A.G. continuous catalytic process is 
the most suitable for use in this country for such purposes as 
the production of synthetic ammonia, when the cost of the 
hydrogen is of paramount importance. On the other hand, 
the purity is not very high and especially for ammonia 
synthesis, further purification from carbon monoxide is 
necessary. Electrolytic hydrogen is only likely to be a 
serious competitor in places where cheap water power is 
available. For aeronautical purposes the Fane and alUed 
processes are probably the most satisfactory, as giving a high 
percentage of hydrogen at a moderate cost ; the elimination 
of nitrogen from the gas obtained from the B.A.M.A.G. 
process is not practicable. 


TABLE 23. 

Cost of Production and Purity of Hydrogen by Different 
Processes (Stationary Plants). 



Cost per 

Purity 

(% hydrogen). 

Percentage ot 

Process. 

1000 ft.’’ 
Shilliugs. 

caibon 
^ monoxide. 

B.A.M.A.G. continuous catalytic 




process . . 

i '75 

ca. 92 % 

r 5 - 3'0 

Grie.slieirp-Elektron proces.s 


97’5 % 

0-2 

Linde-Frank-Caro process 

3-4 

97 % 

2 

Lane process . , , f , 

3-4 

9 S- 5-99-5 % 

o*25-r5 

Mes.serschmitt process . . 

2 

ca. 99 % 

o-25-r5 

Bergius process . . 

1^-2 

99' 95 % 

O-OOI 

Carbonium process 

4 

very pure 

— 

Rincker and Wolter process . . 

2 i -4 

96% 

3 

Oecliclhauser proce.ss . . 
Electrolytic processes, with cur- 
rent at o-25<i./K.W.H., assum- 

ca. 3 

,80 % 

7 

ing no credit for oxygen 

3-4 1 

Q very pure 

— 

nil 

9— 


Applications of Hydrogen 


Apart .from aeronautical requirements, the chief con- 
sumption of hydrogep in this country is in connection with 
the hydrogenation of oils and fats ; the synthetic ammonia 
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industry also has assumed importance in Germany and is 
being developed in the United States. 

The Hydrogenation of Oils and Fats.—In 1897, a 
description was given by Sabatier and Sendereiis of a general 
method for the hydrogenation of organic unsaturated sub- 
stances (cf. resume by Sabatier and Senderens, Ann. de 
Chim. et de Phys., [8], 4 , (1905), 319 ; ibid., [8], 16 , (1909), 
70 ; also Sabatier, Bcr., 44 , (1911), 1984 ; “ La Catalyse en 
Chimie Organique,” 1913). 

Speaking generally, the method consists in passing the 
organic substance in the state of vapour accompanied by 
hydrogen over gently heated, finely divided metals— nickel, 
cobalt, iron, platinum, palladium an^ copper being the most 
useful and their respective activities spmewhat as in the 
order given. The activity of the catalyst depends on its 
temperature of reduction, e.g. nickel reduced at a bright-red 
heat is practically inactive, whereas when reduced at 250° C. 
it is excessively active but rather sensitive and variable. 
300° C. is a generally useful reduction temperatjire. The 
catalysts are very sensitive to traces of “ poisons," of which 
the most important are sulphur, chlorine, arsenic, antimony, 
and, in a lesser degree, carbon monoxide. For a discussion 
of the inhibitive action of carbon monoxide, see pp. 19, 241. 
Sabatier’s work was carried out In the gaseous phase, and the 
avoidance of any liquid in contact with the catalyst is 
prescribed. As examples may be cited the reactions : ' 

CO + 3H2 = CH4 + H2O and rCeHe + 3H2 = CgHia 

The application of the method to liquids is due to the 
work of Paal, Willstatter, Ipatiew, and Skita in the first 
instance, while the technical application is largely due to 
Norman (1903). llie hardening of oils and fats consists 
in the conversion of the glycerides of the unsaturated acids 
info the glycerides of the corresponding saturated acids. 
The effect is to raise the melting point and in most cases 
to free from objectionable odour, taste and colour, the 
market value being considerably enhanced. According to 
Schuck (Chem. Trade j53, (1918), 139) deodorization 
without hardening may be effected by the use of hydrogen 
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without a catalyst. Whale oil is one of the principal oils 
hardened ; a certain factory in Norway is capable of hardening 
some 55 »ooo tons of whale oil per annum, using electrolytic 
hydrogen. Some 35,000 ft.^/hr. of hydrogen from the Linde- 
Frank-Caro process alone, are used for fat hardening, equiva- 
lent to about 100,000 tons of fat per annum, one ton of 
triolein, for example, requiring about 2700 ft .3 of hydrogen. 
The hardened fats are extensively used as edible fats and in 
the manufacture of soap, candles, etc. 

The catalyst usually employed is nickel, although palla- 
dium is sometimes used. According to some systems nickel 
from the sulphate is precipitated as carbonate in the presence 
of kieselguhr, the mixture filtered, the cake dried, finely 
powdered, calcined to convert the nickel carbonate into 
oxide, then reduced in hydrogen and allowed to fall 
without contact with air into oil with which it is intimately 
mixed. This mixture is added in the desired proportions to 
the oil to be hardened ensuring, e,g, 0’5-i part of nickel 
to 100 pmrts of the oil, which is carefully dried before using. 
Temperatures in the neighbourhood of 150-250® C., with 
pressures of 5-15 atmospheres, are employed. Instead of 
metallic nickel the suboxide may be used. For a discussion 
of the constitution of nickel catalysts, see Erdmann, J. Prakt, 
Chem,, 91 , (1915), 469. Afte/ the hydrogenation the catalyst 
is removed by filtration and used again. The proikicts always 
contain minute traces of nickel. The above remarks relating 
to catalyst poisons app^ equally to treatment of liquids. 
Accordin’^ to Ellis (J.S.P. 1247516) the poisons present in 
the oil may be removed by preliminary treatment with 
copper hydroxide. For an account of modern developments 
in the manufacture of edible fats, cf. Ckyton, J, Soc. Chem, 
Ind., (1917), 1205. 

The Manufacture of Synthetic Ammonia.— The 

synthetic ammonia industry in Germany ha^been developed 
from the work of Haber and collaborators and ranks as one 
of the finqpt achievements arising out of the application of 
physico-chemical methods to industry : 

Na + 3H2'= 2NH3 + 11,000 calories. 



m. 

vW: , ^ 

Many experimenters had previously attempted to effect 
the 'synthesis of ammonia, but without much success ; an 
approximate calculation of the equilibrium constant 

ir 

by the Nernst Heat Theorem is sufficient to show that only 
a very small percentage of ammonia can exist at temperatures 
for which suitable catalysts were at that time known, e.g. 
800° C. 


Since 




NH, ■ p2 p2 

= K.P2.c3„ 


where P is the total pressure, it is evident that the concen- 
tration of the ammonia is almost directly proportional 
to the pressure. Such considerations led Jost and, at 
about the same time, Haber and Le Rossignol to study 
the effect of high pressures, and the latter investigators 
worked out a series of catalysts which enabled equilibrium 
to be attained fairly rapidly at temperatures as low as 
300° C. 

The following table shows the influence of temperature 
on the equilibrium values : — * 


TABLE 24. 

Equilibria in the Synthes^'j of Ammonia. 


Percentage of ammonia at absolute pressures of— 


mperature ^C. 





I atm. 

« 

luo atms.* 

300 atms. 


153 

8 o-C 

858 


2 * i 6 

52 - 1 

62-8 


0*44 

25-1 

36*3 


^criig 

"0049 

10-4 

4'47 

17-6 

8-25 


0-0223 

2-14 

4 -II 


00117 

ri5 

, 2-24 

900 

0-0069 

0-68 

1*34 

1000 

0-0044 

0-44 

0*87 
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The advantage of the higher equilibrium values can be 
only partly turned to account by reason of the accompanying 
decrease of the reaction velocity. At very high temperatures, 
a reversal of the equilibrium sets in (cf. Maxted, Chem. 
Soc. Trans., (1918), 168, 386; ibid., (1919), 113), thus by 
passing a mixture of nitrogen and hydrogen through a capil- 
lary tube in which a high tension arc was burning under a 
pressure of i atmosphere, an ammonia content in the exit 
gases as high as 2‘0 % was observed. 

As in other heterogeneous gas reactions, a rise in the velocity 
of passage of the gases over the catalyst has the effect of 
lowering the percentage of ammonia, but of increasing the 
production ; this is a matter of considerable importance 
as when using high pressures the available space for the 
catalyst is necessarily limited. 

As an 'example of this behaviour may be cited the 
following results obtained at a working pressure of 114 
atmospheres and with a catalyst temperature of 515® C., the 
catalyst employed being uranium carbide (Haber and Green- 
wood, Z. Elektrochem., 21 , (i9i5)> 241) : — 


space velocity (litres of free 
gas / litre catalyst space / 
hour) 

5800 

3 i />50 

82,600 * 

194,000 

Percentage of ammonia by 
volume 

r 63 

0*42 

GO 

• 

4' 18 

Space-time-yield (kilos, am- 
monia/^'+»-e catalyst space/ 
hour) 

m 

0*318 

► 

1*46 

2*84 

583 


It should be pointed out, however, that the above con- 
siderations are not the only deciding factors, as the space- 
^elodty is limited by such considerafions as regeneration 
of heat, ammonia absorption, etc. 

Amongst the most efficient catalysts may be mentioned 
metallic osmium and uranium carbide, the range of useful, 
working temperature being 500-700® C. The process was 
subsequently taken over and developed by the Badische 
AniUn und Soda Fabrik. 

, Since the percentage of the gases undergoing conversion 
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is only relatively small even at the pressures employed, e,g. 
100 "to 200 atmospheres, it is necessary to circulate the 
gases through the catalyst removing the ammonia without 
releasing the pressure, and passing again over the catalyst 
reinforced with a fresh supply of nitrogen-hydrogen mixture 
to replace the portion converted. The ammonia formed is 
removed from the system either by cooling or by absorption 
with water. 

As regards catalysts, osmium is too expensive and too 
limited in amount for use on the large scale, while uranium 
is very sensitive to traces of oxygen or moisture (cf. Haber 
and Greenwood, loc. cit). So far as can be gathered from 
the patent literature, the catalysts used in practice have a 
basis of pure iron with the addition of a promoter. Among 
such promoters may be mentioned potassium oxide, lime, 
magnesia, alumina, zirconia, molybdenum, vaniidium and 
cobalt as patented by the Badische Co. Other patented 
catalyst groups are various alkali and alkaline earth ferro- 
cyanides (F. Bayer & Co.) ; ruthenium and various ruthenates 
with special supports such as chromic oxide (Centralstelle fiir 
wissenschaftlich-technische Untersuchungen), and sodamide 
with different promoters as manganese, cobalt, cerium, etc., 
by De Jahn. 

It is important to avoid cei'cain catalyst poisons such as 
sulphur, phosphorus, arsenic, lead, tin, oil, impurities carried 
mechanically by the gases from steel piping, carbon jQonoxide, 
etc. Of these poisons the last mentioned is not the least 
troublesome. The presence of small quantities ol sulphur 
in the iron used in making up catalysts is sufficient to inhibit 
or diminish the activity while it is necessary to free the 
hydrogen, usually jfrepared from water gas, from sulphur, 
carbon monoxide, etc. The removal of oxygen and water 
vapour from the gases is also desirable in most cases. 

If the walls of |;he Vessels containing the catalyst are 
allowed to become heated, trouble is experienced through the 
action of the hydrogen on the steel at the high tepiperatures 
in question, namely, 500-790° C. Under these conditions 
the carbon of the steel is converted into methane and the 
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tensile strength of the steel lowered considerably. The 
difficulty may be minimized by the use of special steels'low 
in carbon and containing nickel, chromium, tungsten, etc., as 
hardening agents; or avoided by internal electric heating, the 
pressure-resisting walls being maintained cold. Other special 
methods of preserving the steel from attack have been 
proposed (cf. B.P.s 20127/10, 1490/12, 8617/12, 28200/12, 
29260/12, 9661/14, and 100216/16). 

It is specially important to employ efficient heat-inter- 
changers in the case of electric heating, the problem being 
comparatively simple when dealing with compressed gases ; 
similarly as regards the separation of ammonia by cooling. 

In order to guard against explosions through accidental 
admixture of oxygen with the gases (since small quantities, 
i.e. more than 5 % (cf. p. 203) suffice to produce explosive 
mixtures) * automatic oxygen detectors are preferably 
employed (cf. p. 34), while the catalyst containers may be 
disposed in bomb-proof chambers. 

The fijst Badische plant was erected at Oppau in 1912 and 
produced some 9000 tons of ammonia per annum, a Linde- 
Frank-Caro plant of capacity about 70,000 ft. 3 /hr. being 
installed for providing the necessary hydrogen ; subsequently, 
and particularly during the war, the plant has been greatty 
extended and at the present time the production is probably 
of the order of 100,000 tons of ammonia per annuni. Recently 
another^, works has been erected at Leuna, near 

Mersebu^. There can# be no doubt that this process 
played a large part in providing the Ge'rman Army with 
explosives during the war. 

The hydrogen, the cost of which, in the requisite high 
state of purity, represents a large fraction of the whole, 
is prepared by the B.A.M.A.G. contmuous catalytic process 
(cf. p. 161)., Except in special cases where cheap power^is 
available, the use of electrolytic hyd|;ogen, so eminently 
suitable by reason of its purity, is out of the question in view 
of its high cost. The national importance of the fixation 
of atmospheric nitrogen, involving independence of overseas 
supplies of Chile nitrate, is obvious, ammonia produced by 
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direct synthesis being specially suitable, on account of its 
purily, for oxidation to nitric acid. The Haber process has 
particular advantages for this countr}^ as the power consump- 
tion is very small compared with the requirements of other 
processes for nitrogen lixation, the direct arc process, the 
cyanamide process, etc. (cf. p. 117). During the war the 
importance of the Haber process was forced into general 
notice among the Allied Nations. In this country^ extensive 
investigations have been carried out on the synthesis of 
ammonia (J. Soc. Chem. Ind., (1917), 1196). Similarly in 
the United States a technical process has been developed 
by the General Chemical Co. (cf. Parsons, J. Ind. Eng. 
Chem., (1917), 829 ; also B.P. 120546/18). 

It is unnecessary to dwell on the^ uses of, ammonia, 
usually as ammonium sulphate, for fertilizing purposes. 
One objection to this excellent fertilizer, as compared with 
other sources of combined nitrogen, is its demand for sulphuric 
acid, which is useless except for the purpose of fixing the 
ammonia. In order to avoid this point, many patents have 
been taken out with reference to the use of g3^psum, which is 
caused to interact with ammonium carbonate (see below), 
e.g. B.P. 27962/13, of the Badische Co., which relates to the 
troublesome operation of filtering the resulting calcium 
sulphate and of washing the ‘same free from ammonium 
sulphate by means of immersion filters (cf. Bosch, Z. Elektro- 
chem., 24 , (1918), 361). Other recent patents o^+ha-Badische 
Co. are interesting ; they relate the use of ammonium 
carbonate as a "^fertilizer. The use of this compound, 
containing 36 % combined nitrogen as compared with about 
20 % in ammonium sulphate, is specially important in 
connection with the manufacture of hydrogen by the 
continuous catalytic process, which produces large quantities 
of^ carbon dioxide as a by-product. For an interesting 
discussion by Matignon df the validity of the Badische patents 
in relation to certain patents by Tellier, the Societe Christi- 
ania Minekompani, etc., see “ Comptes Rendus de la Seance 
dlnauguration des travanx ^e la Societe de Chimie Industri- 
elle," p. 46 ; Chem. Trade J., 62 , (1918), 413. 
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Other Applications of Hydrogen.— In addition to the 
above detailed uses hydrogen has been used extensively 
for the autogenous fusion of metals, the flame being fed with 
air or oxygen ; thus, the lead burning ” of the seams of 
chemical lead work is often convenientl}?^ carried out with 
the oxy-hydrogen blowpipe, similarly with the welding and 
cutting of iron. The use of the more conveniently gener- 
ated acetylene is, however, becoming more universal and has 
practically displaced that of hydrogen for such purj^oses (cf. 

Applications of Oxygen There are still points in favour 
of hydrogen when the oxygen is generated electrolytically and 
the hydrogen is a waste product. The oxy-hydrogen blow- 
pipe is used for the fusion of platinum in lime crucibles, also 
for the working of fused silica. The application of hydrogen to 
the manufacture of' artificial gems was initiated by Verneuil 
and Paqui/^t about 1900 and later developed by Wild, 
Miethe and Tehmann. Thus, alumina alone gives artificial 
corundum, while with about 2| % chromic oxide rubies are 
obtained, similarly sapphires and emeralds may be produced, 
more than i ton of gems per annum being thus manufactured. 
vSynthetic rubies are valuable for small bearings. 

Another application of hydrogen is in the electric lamp 
industry ; it is extensively used in the reduction of the 
tungsten and hi working up^into drawn wire filaments, also 
for the filling of the bulbs before evacuation, usuaPy in admix- 
ture with about an equal volume of nitrogen. The use 
of hydrogeit'^ior aeronautical purposes is dealt with in the 
next section. 

Hydrogen at a pressure of 120 atmospheres and costing 
about Id. per ft .3 is sold in cylinders painted red, with left- 
handed connections. « 

The estimation and testing of hydrogen are discussed 
at the end of Section VII. 

f* 

REFERENCES TO SECTION VI. 

Qonorai. — Ellis, “ The Kydrogenation of Oils, Catalysers and Catalysis, 
and the Generation of Hydrogen.*' London, 1915. 

BrSthmer, “ Chemie cfer Case." Frankfurt a.M., 1911. 

Lepsius, '^Sur la Fabrication et*lcs Applications de THydrog^ne/* 



222 , ItiDUSTmAL GAsns 

Sander, “ Neuere Verfahren zur Wasserstoflfgewinnung,” Z. angew. 
Chem., (1912). ii., 2401. 

?Blum, " New Methods of Obtaining Hydrogen,” Metall. and Chem. 
Eng.. (1911). 157 - 

Crossley, ” The Preparation and Commercial Uses of Hydrogen,” 
J. Soc. Chem. Ind., (1914), 1135. 

Llnde-Frank-Caro Process. — Linde, ” Die WasserstofiEgewinnung,” Z. 
angew. Chem., (1913). hi., 814. 

Linde. ” Separation of the Constituents of Mixtures of Gases by 
Liquefaction,” J. Soc. Chem. Ind., (1914), 714. 

Lane and Allied Processes. — Bamitz, “Production of Hydrogen by the 
Iron Contact Method,” Chem. Trade J., 60 , (1917), 547. 

Anon,, “ The Generation of Hydrogen.” The Engineer, (1917), 546. 

Electrolytic Hydrogen. — Engelhardt, “The Electrolysis of Water” 
(Richards). Easton, Pa., 1904. 

Applications. — Frankland, " The Chemical Industry of Germany,” J. Soc. 
Chem. Ind., (1915), 309. 

Hydrogenation of Oils and Fats. — Henderson, ” Catalysis in Industrial 
Chemistry.” London, 1919. 

Maxted, ” Catalytic Hydrogenation and Reduction.” London, 1918. 

Ammonia Synthesis. — Haber and Le Rossignol, “ Bestimmung des Am- 
moniakgleichgewichtes unter Druck,” Z. Elektrocher^., 14 , (1908), 
181 ; “ Uber die technische Darstellung von Ammoniak aus den 
Elementen,” ib., 19 , (1913), 53. 

Haber in collaboration with Tamaru, Ponnaz, Maschket Oehlom and 
Greenwood, Z. Elekirochem., 2 ^, {1914), 597; 21 , (1915), 87, 128, 
igi, 206, 228, 241, 

Haber, “ Die Vereinigung des eleraentaren Stickstoffs mit Saucrstoff 
und mit Wasserstoff,” Z. angew. Chem., (1913), iii., 323. 

Bcmthsen, “ Synthetic Ammonia,” hth Int. Congress of App. Chem., 
N.Y., 1912. 

Lunge, “ Coal Tar and Ammonia,” Fifth Edition, Part III. London, 
1916. 

Norton, ” Utilization of Atmospheric Nitrogen,” Depi. of Commerce 
and Labour, U.S.A., Special Agents Series, No. 52. 

Partington, “ The Alkali Industry.” This ^rics. 1918. 



Section VII.— THE PRODUCTION OF HYDRO- 
GEN FOR MILITARY PURPOSES 


Field Processes.— Of late years, and particularly during 
the war, the production of hydrogen by portable or semi- 
portable plants for military purposes has assumed great 
importance. In the early days of ballooning the only avail- 
able method of preparing the hydrogen was by the action 
of sulphuric acid on iron or zinc which process had the great 
disadvantage of requiring a large weight of material, and 
although of comparatively little importance with the small 
balloons at first employed, this disadvantage has now 
rendered the method quite obsolete. 

The first use of methods involving less weight of material 
was in the Russo-Japanese war in 1904. In the Soudan war 
of 1885 and also in the Boer war of 1898-1902 hydrogen 
was transported from England in cylinders. Some 50 
horses were necessary for the transport of the cylinders 
required for a balloon of 14,000 ft .3 capacity. It is interesting 
to note that the weight of the steel cylinders is of the order 
of I lb. per ft .3 of hydrogen content. Attention'was conse- 
quently .,pmd to methods allowing of the convenient and 
rapid genera&bn of the hydrogen in the field. 

The progress of che large dirigible hac been dependent 
on the advance of the chemistry of hydrogen production and 
has, in turn, served as a stimulus to the evolution of new 
processes. Since the advent of the Zeppelin in 1898, the 
capacity of balloons* and the demand for hydrogen in 
quantity have risen steadily, so that at the pre§ent time 
tht various types of military hydrogen plants fhay be classified 
under three headings : — 

(i) Apparatus qt a simple and easily portable nature, 

' # 

* British rigid dirigibles having a papaci^ of 2 to 3 million ft.* ha^*e 
,be«p constructed ; German Zeppelins of 2 million ft.* capacity were used 



involving a small weight of material and capable of giving 
rapid generation in the field, the cost of production being 
of secondary importance in this case. 

(2) Apparatus for use in permanent camps, forts, aviation 
depots, etc. Here, s^ain, speed of erection and rapid output 
may be of more importance than economy. 

(3) Plant suitable for economical manufacture on a large 
scale with a view to subsequent distribution by means of 
cylinders. 

Portable Apparatus for Use in the Field 

Progress in this direction is very intimately connected 
with the name of the French chemist, Jaubert. Some of the 
most important methods are the foUdwing : — 

Silicon and ‘‘Silicor* Processes.— Phese two processes, 
which have been extensively adopted for militai^ purposes 
by the European armies, are very similar, both depending 
on the action of silicon on alkalis. The former, however, 
uses commercially pure silicon, while ferro-silicon (rich in 
silicon), which has the advantages of being cheaper and more 
easily produced, is employed in the latter. 

Owing to hydrolytic dissociation of the sodium silicate, 
less caustic soda is required than that corresponding to the 
equation : 

Si + 2NaOH + H2O = NagSiOs + 2H2 

The International Chemical Co., in B.I^"1^24/i900, 
claims the manufacture of hydrogen by treating sijicides of 
the alkaline earths with water. A substance Si2H2— silico- 
acetylene— produced by treating calcium or strontium 
silicide with acids, ^gives hydrogen with alkaUs. In B.P. 
21032/09, the Consortium fiir Elektrochemische Industrie, 
G.m.b.H. describes the production of hydrogen by the 
action on silicon of caustic soda solution with the addition 
of milk of lime, less caustic soda being thus required. A later 
patent, B.P. 11640/11, relates to the attainment without an 
independent boiler, of the temperature necessaty for the 
reaction— (i) by a prelimirilary reaction as, for example, 
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the solution of aluminium in the caustic soda, and (2) by 
adding the alkali to the water in the form of powdered sodium 
hydroxide or oxide. A further series of patents is due to 
J aubert, who employs ferro-silicon instead of silicon. Accord- 
ing to B.P. 17589/11 (cf. also F.P. 430302/10), ferro-silicon, or 
mangano-silicon, is treated with a concentrated solution of 
potassium sulphate or sodium sulphate containing alkali. 
The salts serve to raise the boiling point and so increase 
the reaction velocity. The same object is attained in F.P. 
433400/10 by the use of increased pressure. In B.P. 
7494/13 is prescribed the use of a layer of unsaponifiable 
oil facilitating the admixture of the ferro-silicon with the 
caustic soda solution and ensuring very rapid generation 
of gas ; water is added to replace that lost. Baillio, in U.S.P. 
1178205/16, combines the production of hydrogen with that 
of sodium silicate from silicon and caustic soda, the former 
being used in excess. 

TheSchuckert Process . — ^The Schuckert process depends on 
the use of silicon itself and has been developed mainly in 
Germany, as a portable field apparatus. A temperature of 
80-90° C. is required for the rapid progress of the reaction 
and the heat of solution of the caustic soda is utilized by 
building the dissolver into the generator. A feed hopper 
is provided for the gradual introduction of the finely divided 
silicon, and the hydrogen passes off through a •washer fed 
with water by a pump driven by a petrol engine. Plants of 
this type have been constructed with a capacity of 2000- 
4000 ft. 3 /hr. ^ * 

The apparatus was first used by the Spanish in the 
Moroccan campaign, and was also used by the Italians in 
Tripoli. Stationary plants, with a capacity of 10,000 ft. 3 /hr., 
have been set up. The caustic soda solution employed is 
of 20-25 % concentration ; each tooo ft.^ of hydrogen 
requires 50 ihs. of silicon, 75 lbs. of rfiaustic soda, and abdlit 
190 gallons of water, inclusive of cooling water. 

The Silicol Process . — ^This process, due to the French 
chemist J aubert, has been largely used by the French military 
autjjorities. Instead of silicon, the cheaper ferro-silicon, 
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containing 90 % or more silicon, is employed. Using a 
35-40 % caustic soda solution, the action takes place ener- 
getically at 60-80° C. ; the concentrated solution has the 
effect of conserving the heat of reaction by minimizing 
vaporization of water, while the initial temperature required 
for the reaction is easily attained in dissolving up the causiic 
soda, no external heating being necessary. 

Portable plants, with an hourly output of 14,000 ft.®, 
have been built ; the usual pattern, however, has a capacity 
of about 2500 ft.®/hr. and is mounted on a 3-ton lorr3\ 
The general arrangement of the apparatus is almost the same 
as in the vSchuckert plant. 

Targe stationary plants on these lines have been erected 
for the British Navy at Chatham and elsewhere during the 
war, by the Societe Fran^aise TOxyUthe. The plant at 
Chatham has a capacity of some 50,000 ft.®/hr. '^The caustic 
soda, broken into small pieces, is stirred with i| times to 
twice its weight of water in a dissolver, whereby a temper- 
ature of 60-80° C. is reached ; the solution is then run into 
the generator. By means of a mechanically-operated distri- 
butor, the finely powdered ferro-silicon is fed into the gener- 
ator which is provided with a planetary stirrer. A slow 
stream of paraffin or naphtha is also admitted to prevent 
the formation of foam which would hinder the progress of the 
reaction. ' The hydrogen is cooled and purified by passage 
through a scrubber fed with water and containing metal 
spirals, and then freed from suspended wate/Sy traversing, 
at high speed, a series of tubes with abrupt dianges of 
direction. Two generators are provided, one serving as a 
standby. , 

It is obvious tkat the hydrogen produced in this type 
of stationary plant is ver>^ expensive compared with that 
from otljer processes. ^The very high speed of gas generation 
id case of necessity is, (however, an important consideration 
for war purposes. 

These two processes have some disadvantages. On account 
of the vigorous heat evolution a considerable* amount of 
fairly clean water is required, while the hydrogen is 4able 
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to contain small amounts of phosphine (according to Soyer, 
Ann, Chim. Analyt., 23 , (1918), 221, some 0*0025 o™? % 

^ by volume may be present), arsine, sulphuretted hydrogen, 
etc., derived from impurities in the ferro-siHcon and having 
an injurious effect on the balloon fabrics. For data on the 
production of ferro-silicon, cf. Anderson, J. Soc. Chem. Ini,, 
(1917), 881. 

Hydrogenite Process.— This process, also due to M. 
Jaubert (cf. Rev. Gen. Chim., 13 , 341, 357), resembles the 
silicol process in depending on the action of alkalis on ferro- 
silicon, but differs in that the reaction is carried out in the 
absence of water and at a high temperature. 

The basis of all the patents given below is the preparation 
of mixtures which react by auto-combustion in absence of 
air when the action is started by local heating, hydrogen 
being evolved. Similar mixtures are used for oxygen produc- 
tion {q,v.). Jaubert, in B.P. 17252/07, describes apparatus 
for the generation of hydrogen under pressure by the auto- 
combustion method. The actual generator is surrounded by 
and is in direct connection with the gas reservoir, the pressure 
being thus balanced inside and outside. The same inventor, 
in B.P. 153/11, deals with the production of hydrogen by the 
interaction of ferro-silicon, lime and caustic soda hi a closed 
vessel, the reaction being nrst started by local heating, 
According to a later patent, B.P. 9623/11, excess ferro- 
silicon is mixed with an oxidizing agent and a hydrate. As 
examples of suitable coi^binations are given — (i) powdered 
iron 20 parts, soda-hme 10 parts, potassium perchlorate 6 
parts ; (2) ferro-silicon (75 % silicon) 20 parts, litharge 10 
parts, soda-lime (two-thirds caustic soda) 60 parts ; (3) ferro- 
silicon 20 parts, powdered iron 5 parts, wheaten flour 3 
parts, lime 5 parts, potassium chlorate 3 parts. The reaction 
may also be effected by steam produced in an annular boiler 
round the generator. According to? B.P. 5(fo5/i2, the 0^- 
dation of the ferro-silicon is effected solely by the steam 
generated ^as above, no other oxidizing agent being 
employed. 

Hydrogenite ” consists of an intimate mixture of 25 
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parts of ferro-sUicon (90-95 % silicon), 60 parts of caustic 
sodd and 20 parts of soda-lime. The gray compressible 
powder thus obtained is pressed into blocks which are packed 
in air-tight cases holding from J to i cwt. ; under these 
conditions the mixture is quite permanent. When requirt d 
for use the lid is removed, the box placed in the generatoi, 
and the heavy lid of the latter, kept in position by its weight 
alone and serving as a safety valve, is put on. The mass 
is then ignited through a small hole in the lid by means of 
a match apphed to a small quantity of priming powder, 
when the reaction propagates itself throughout the mass, 
without production of flame, hydrogen being produced very 
rapidly. The generator is surrounded by a water jacket in 
which steam is generated. Towards the end of the reaction 
this steam is admitted to the generator, serving to increase 
the yield and to quench the mass. The hydrogen is washed 
with water and dried with coke and sawdust. 

Portable plants have been used by the French Army, 
consisting of waggons with 6 generators grouped round a 
central washer ; the capacity is about 5000 ft.^ hydrogen 
per hour. The method has the important advantage over 
other processes of requiring no water, and further, of using 
the sam^ material as the important silicol process. Each 
1000 ft .3 of hydrogen necessitates a weight of about 190 lbs. 
of hydrogJnite. The gas obtained is very pure. 

Hydrolith Process.— Jaubert, in F.P. 327^8/02, deals 
with the preparation of calcium hydride/ from calcium 
and waste hydrogen, e.g. from electrolytic alkali manufacture. 
The hydrogen, freed from water and oxygen, is passed over 
calcium heated to about 600° C. A, later patent, B.P. 
25215/07, describes an apparatus for producing hydrogen 
from calcium hydride, consisting of a series of generators so 
arranged that the moisture from one generator is removed by 
passing the gSs through another generator ^lled with cal- 
cium hydride but' not supplied with water. A modified 
process is described in D.R.P. 218257/08, by Bamberger, 
Bock and Wanz, who use, instead of water, substances 
containing combined water or carbon dioxide, e,g, gypsum, 
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sodium bicarbonate, etc., which only react when heated to a 
temperature above 80° C. • 

Hydrolith reacts with water as follows : — 

CaH2 + 2H2O = Ca(OH)2 + 2H2 

The calcium hydride is prepared by treating molten calcium 
with hydrogen and serves as a medium for transporting 
waste hydrogen to the balloons ; although expensive, 
its use avoids the great weight of cylinders. A white 
crystalline powder, consisting of 90 % calcium hydride with 
some nitride and oxide, is obtained, and on treatment with 
cold water, 1000 ft.^ of hydrogen are produced from the 
exceptionally small weight of 62 lbs. A waggon, carrying 
6 generators, yields some 15,000 ft.^/hr., while plants with a 
capacity of 50,000 *ft. 3 /hr. have been constructed. Such a 
plant with a supply of 20 tons of calcium hydride, i.e. capable 
of producing 700,000 ft .3 hydrogen, was used in recent 
French manceuvres and behaved very well. The generators, 
carrying^ the' calcium hydride on perforated plates, are 
supphed with water at the bottom while the hydrogen 
passes off at the top and is freed from water by passing 
through another generator containing an untreated charge 
which is subsequently used. A large heat evolqjtion takes 
place, which at first caused inconvenience. The hydrogen 
leaving the generators is purified from a small quantity of 
ammonia before use. 

By the Ai^tion of I^cids and Alkalis on Metals. — 

This bra\ich of the subject may be divided into several 
sections : — 

(i) Action of Snlphuric Acid 07 i Iron or Zinc . — In this 
connection there are a large number of jmtents, among which 
may be mentioned the following : Pratis and Marengo, in 
B.P.s 16277/96 and 15509/97, describe apparatus for the 
generation of hydrogen frorii sulphuric acid ahd iron (cf . ^0 
Hawkins, B.P. 25,084/97 ; Fielding, B.P. 17516/98, and 
Praceiq and Bourchaud, B.P. 6075/05). 

The use of such methods for generating hydrogen is very 
oldf and although convenient for relatively small quantities 
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on a large laboratory scale, for lead burning and allied pur- 
, posds,* is too expensive and involves too great weight of 
, material for military purposes (cf. p. 234) ; consequently for 
field work these methods have been abandoned (cf. also 
P-223). 

A considerable amount of work was carried out by Renard 
(1875-1880) in the development of this process for military 
purposes in France. Acid of some 12 % strength was run 
on to iron or zinc in a leaden vessel ; the hydrogen was 
washed with water, freed from sulphuretted hydrogen with 
Laming s mixture (quicklime, ferrous sulphate and sawdust) 
and then passed over caustic soda, the plant yielding some 
1000 ft.^ hydrogen per hour. Hydrogen generated from iron 
or zinc is liable to have a low lifting power on account of 
impurities and to contain sulphuretted hydrogen and, when 
using zinc, arsine ; these impiirities have an injufious action 
on the balloon fabrics, while the arsine is further objectionable 
by reason of its poisonous properties. Attemi)ts have been 
made to remove arsenic from the hydrogen by passing through 
a heated tube containing copper turnings ; by the action 
of potassium permanganate ; cooling with liquid air, etc. 
(cf. p, 21 1). Arsenic-free acid should, of course, be used in 
the preparation. 

(2) Action of Caustic Soda oh Aluminium . — This method 
has long l 5 een known, but only recently used for military 
purposes. It was employed by the Russians ii^the Russo- 
Japanese war in 1904, two typ^s of portE^ble apparatus 
being employed :<-(i) Two generators \^th a common washer 
mounted on two cars, the set having a capacity of 5000 
ft. 3 /hr. (2) Two generators of light pattern carried by 
a pack-horse for use in mountainous country. The sheet- 
iron generators were filled with 30 % caustic soda solution 
in the lower part and a basket containing aluminium sheet 
chppings was Ibwered by means of a handle. The hydrogen 
was washed in a water scrubber. A very vigorous reaction 
takes place and an ample supply of cooling water i^ necessary. 

♦ For useful data on the preparation and compression of hydrogen on 
a large laboratory scale, cj. Hutton and Petavel, loc. cil., p. 113 . v 
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Reference to Table 25 will show that the weight of material 
is still rather high although less than that required when 
using iron or zinc with sulphuric acid. 

(3) Actionof A ctivated Aluminium on Water . — Considerable 
attention has been paid to the activation of aluminium 
with mercury to ensure rapid evolution* of hydrogen on 
treatment with water alone. A great advantage is the small 
weight of material requiring transport. Thus, Mauricheau- 
Beaupre, in F.P. 392725/08, generates hydrogen by the slow 
addition of water to a mixture of fine aluminium filings with 
1-2 % of mercuric chloride and 0-5-1 % of potassium 
cyanide, the temperature being kept below 70° C. One gallon 
of water suffices for 10 lbs. of the material, which has a specific 
gravity of 1-4 and is permanent in absence of air and moisture. 
Similarly the Chemfsche Fabrik Griesheim-Elektron, in B.P. 
3188/09, uses a mixture of finely divided aluminium with 
I % mercuric oxide and i % caustic soda. This mixture 
has the advantage of being less poisonous than the above. 
A patent by Sarason, B.P. 18772/11, prescribes the addition 
of a salt having an alkalhie reaction, e.g. a borate, phosphate, 
etc., to start the action of the water on the aluminium 
amalgam. Uyeno (B.P. 11838/12) treats an alloy of aluminium 
and zinc wliich may also contain tin, with zinc or tin amalgam 
and subsequently heats to Cv^use penetration of the mercury. 
The product yields ‘hydrogen on treatment with hot water 
(cf. also D.R.P. 294910/16 by Elkan Erben, G.m.b.H.). 

Other Priocesses. — A series of patents deals with the 
employ rfteiit of metaJic sodium, avoiding the usual violent re- 
action. Thus, Foersterling and Philipp, in U.S.P. 883531/08, 
propose to treat sodium in small pieces with a spray of water 
at such a rate that no solution is formed, while, according to 
U.S.P. 977442/10, sodium is kneaded with aluminium 
silicide and briquetted. The resulting prod uct gives hydrogen 
on treatment with water ; cf. also Philipp, U.S.P. 1041865/12. 
In like manner Brindley, in U.S.P. 909536/09, briquettes an 
intimate mixture of sodium with crude oil, kieselguhr and 
also aluminium or silicon, the mass being subsequently 
trqjited with water. For a proposal to use lead-magnesium 
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and similar alloys, cf. Ashcroft, Trans. Faraday Soc., (1918), 
July^23. A lead-sodium alloy known as “ hydrone,” yielding 
hydrogen on treatment with water, has also been proposed. 
Another field method based on experiments described by 
Schwarz (Ber., 19 , (1886), 1140) has been developed by 
Majert and Richter, and depends on the interaction of a 
heated mixture of soda-lime and zinc dust : 

Zn -|- Ca(OH)2 — ZnO CaO -j- H2 

The mixture is disposed in a seriesof horizontal tubes mounted 
in a heating chamber. The use of a mixture of glycerol and 
caustic soda has been proposed. The process is convenient, 
but is rather dangerous. 

Adaptations of Stationary Types of Plant to Field 
Purposes 

By mounting on railway trucks it has been found possible 
to use some of the less portable types of plant for field 
purposes as, e,g. the Rincker and Wolter process (cf.^p. 192), 
plants with a capacity of 3500 ft.^ hydrogen per hour being 
thus constructed. The process gives cheap hydrogen, but 
the lifting power is not very high on account of the nitrogen 

and carbon monoxide contents (see p. 193). 

• 

Semi -Portable Plant 

Certain of the processes described under (i).have been 
adopted for use in air stations, etc.„.although the expense is 
■ather unwarrantable in such cases. Many air stations have 
been equipped with electrolytic plants (cf. 194). Thus an 
3 erlikon plant was installed at the Farnborough air station ; 
plants have also been*put down by various European powers, 
while the U.S. Army had an electrolytic plant of capacity 
3000 ft. 3 /hr. 

*ln such case^, the stations are equipped with compression 
plants and with cylinders for purposes of distribution. The 
French Army has used very large cylinders, nan^ely, 13 ft. 
long and io| in. internal dijimeter, with capacity at 130 
atmospheres of about 900 ft. 3 . In Germany, special railvf*ay 
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waggons have been used, each carrying 500 cylinders, all 
inter-connected by soldered joints to a single discharge 
valve. Each waggon weighs about 30 tons and carries 
nearly 100,000 ft.^ of hydrogen, some 8 such waggons being 
required for a dirigible of volume 700,000 ft A 

Stationary Plants 

In this category may be included practically all the 
processes described in Section VI. The hydrogen may be 
distributed in cylinders as described above. Utilization of 
waste electrolytic hydrogen has already been mentioned ; 
the gas may be piped directly to the aerodrome or may be 
distributed in cylinders. On account of the much greater 
economy of production possible by such methods, hydrogen 
can be so made for aeronautical purposes in large quantities 
with advantage, provided that the freight costs are not too 
great. The Uinde-Frank-Caro has the advantage with 
regard to aviation, that it is adaptable to the recovery of 
the hydrogen in spent balloon gas, i,c. hydrogen which has 
to be discarded by reason of its diminished lifting power on 
account of the diffusion through the fabric of a considerable 
quantity of air, e.g. 25 %. 

General. — There are three important considerations 
relating to the manufacture of hydrogen for ^balloons — 
(i) lifting power as determined by purity ; (2) effect on the 
fabric ; (3) cost. 

(i) Luting* Power of 4 he Hydrogen , — Since 1000 ft.^ of 
pure hydrogen at 15® C. weigh 5*319 lbs. aiM 1000 ft.^ of dry 
air at 15° C. weigh 76*49 lbs., it follows that the lifting 
power of pure hydrogen at 15° C. 

= 76-49 — 5*32 Ibs./iooo ft .3 
= 71-17 Ibs./iooo ft.« 

A simple calculation will show that the presence of i^% 
of air derived by diffusion through the eiivelope, would lower 
the lifting ^ower by exactly i %, while the presence of 
water vapour corresponding tp 15° C. would have a like 
effect. The influence of the saturation of the air is obviously 
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small, saturation at 15® C., for instance, only reducing the 
lifting power by 07 %. 

(2) Effect on Fabrics . — It has been found that sulphuretted 
hydrogen, arsine and phosphine have an injurious e feet 
on the balloon fabric, probably due to oxidation of ihe 
impurities to sulphuric, arsenic and phosphoric acids re- 
spectively. Electrolytic hydrogen has an advantage from 
this point of view over that produced by other methods. 

(3) Costs . — The following table shows the relative costs, 
as far as data are available, of various field methods for 
making hydrogen, together with the weights of material 
(water excluded) required per 1000 ft.*"^ of hydrogen. The 
costs must be considered as approximations only and in 
any case refer to pre-war conditions.* 


TABLE 25. 

Cost of Production of Hydrogen and Weight of Materials 

REQUIRED BY DIFFERENT FlELD PROCESSES. 


Process. 

Cost per 1000 ft.’’ 

Shillings. 

Material required 
per 1000 ft.' 

•* Lbs. 

Silicon (Schuckert) process 

20 

125 

Silicol (Jaubert) process 

20 

120 

Hydrogenite process 

40 

190 

Hydrolith process 

70 

60 

Iron and sulphuric acid 

15-25 

450-500 

Zinc and sulphuric acid . . . 

« 

40 

(with 0. v. (80 %) 
at 255. per ton) 

450-500 

Aluminium and caustic soda . . 
Activated aluminium and water; 

70 

350 

Mauricheau-Bcaupre process 

f 50 ' 

50 

Gneshcim-Elcktron process 

50 

• 60 


Before leaving the subject of balloops, it is interesting 
to note that proposgils have been made to substitute helium 
for hydrogen on account of the non-inflammability of the 
former in conjunction \Wfh its high lifting power. 

• t 

Tftus, the weight of 1000^ ft.^ of air at 15° C. = 76-49 lbs. 

„ „ ' ,, helium „ = 10*56 lbs. 

Consequently the lifting power of 1000 ft .3 of , 

helium at 15° C. . . ^ = 65*93 lbs. 

or 92 % of that of hydrogen. 
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Estimation and Testing of Hydrogen. — Hydrogen is 
not readily estimated in gaseous mixtures by simple 
absorption, although, if desired, absorption can be effected 
by means of metalhc palladium, by chlorate solutions in the 
presence of colloidal osmium or by other alhed methods (cf. 
the work of Paal, Hofmann and others, p. 155). 

In general, hydrogen is usually estimated by combustion 
with excess oxygen ; this operation may be effected in various 
ways, c.g. by explosion, in a Grisoumeter or over palladized 
asbestos, or copper oxide may be used without addition of 
oxygen. When hydrogen and methane occur together, 
fractional combustion can be effected quite cleanly by 
attention to temperature, both with palladized asbestos and 
copper oxide. 

Turning to the 'examination of commercial hydrogen, 
the purity aan be readily determined to a first approximation 
by means of physical methods, c.g. by effusion. Impurities, 
such as carbon monoxide, carbon dioxide and oxygen, are 
easily estimated by methods described under these gases, 
while reference has been already made to the automatic 
detection of oxygen in electrotytic hydrogen, etc. Nitrogen 
is best determined by combustion with copper oxide and 
measurement of the residue. Hydrogen mad§ by the 
B.A.M.A.G. continuous catalytic process contains methane 
which, in view of the small quantity present, iif best esti- 
mated by complete combustion of a stream of the hydrogen 
with excess oxygen and determination of the resulting carbon 
dioxide, flue allowance being made for any carbon monoxide 
present. Alternatively the estimation may be performed by 
explosion and subsequent measurement of the carbon dioxide 
formed. The Silicol process gives hydrogen containing traces 
of phosphine ; according to Soyer (loc. cit., p. 227) the pro- 
ducts of combustion of from 2-20 litres of the hydrogen are 
taken up with water and phosphori® acid estimated as pUbs- 
phomolybdic acid. Arsenic may be estimated by the usual 
method of passing the gas through a heated glass capillary 
and comparing the rihrror with standards, or by the Gutzeit 
method depending on the production of a brown or yellow 
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stain on 4tnercuric chloride paper. Sulphurettea nyorogen 
and carbon disulphide may occur in hydrogen ; the formei; 
may be estimated by its action on lead acetate paper or on 
iodine solution, etc., while the latter may be similarly deter- 
mined after its conversion into sulphuretted hydrogen by 
passing over platinized pumice at 300-350° C. 
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Properties of Carbon Monoxide.— .Carbon monoxide is 
a colourless gas which, according to Merriman, has a definite 
metallic odour and taste. The chief physical properties 
will be found in Tables 12 and 13, pp. 53-56. The solubility 
in water is given by the following table : — 


Temperature ®C 

C.c. of gas, measured 4 t 
N.T.P., dissolved by 

I c.c. of water under a 
pressure of i atm. ex- 

0 

10 

15 

20 

40 

clusive of water vapour 

0035 

0'028 

0*025 

0023 

0*01 8 


Carben monoxide is readily formed by the combustion 
of carbon in a limited supply of oxygen and by a number 
of chemical reactions. The most important commercial 
form of carbon monoxide is in admixture with nitrogen, 
hydrogen, etc., in producer ^as, water gas and the like. 

Carbon monoxide is a poisonous gas, forming g^compound 
with the haemoglobin of the blood (carboxy haemoglobin), 
and is only very slowly replaced by the normal ox>^geu. A 
concentration \)f 0*4^% fs rapidly fatal. Carbon monoxide 
bums with a characteristic blue flame to cafrbon dioxide. It 
is very stable at high temperatures, especially in the presence 
of a trace of moisture (Woltereck, Compies Rend., 147 , (1908), 
460), but in the neighbourhood of 300° (7. and in the presence 
of a catalyst, e.g. metallic nickel, decomposition takes place 
according loathe following equation j — 

2CO ^ CO2 + 39,300 calories. 

The following table gives the percentages of carbon 
dioxide in equilibrium with carbon monoxide and carbon 
atiiifferent temperatures and at atmospheric pressure. The 



I^ws above 850° C. are taken from Rhead and Wbeeler 
Soc. Trans., (1910), 2178; (1911), 1141) and tbe 
lower values from Boudouard (Annales de Chimie et de P^ys., 
[7], 24 , (1901), 5). 


TABLE 26.— Equilibrium between Carbon 


Temperature *C 

1 

450 1 

1 

500 

1 

600 

700 

Percentage C02\B. 

98 1 

95 

77 

42 

by volume /R.andW. 




P^Ot 

pco 

490 

i i 

1 

190 1 

3‘35 

0724 

v — Pcot 1 

P^CO 1 

1 ^^50 

380 

‘ 1 


125 


Rhead and Wheeler adopt the modified Le Chatelier 
formula given below as in agreement with their measurements. 


log, — ° = 1874 - log,P - 


38,055 + 2-02T 
2T 


• OC003IT2 


In view of the decrease in volume as decomposition 
proceeds, it is obvious that the effect of increased pressure 
will be to favour such decomposition. Experiments by 
Briner and Wroczynski (Comptes Rend., 150 , (1910), 1324) 
have demonstrated that at 400 atmospheres carbon monoxide 
is not decomposed at the ordinary temperature even in the 
presence of platinized asbestos ; at 320-360*^ C. slow 
decomposition occurred, a diminution in volume of 10 % 
being observed after 20 hours. 

Carbon monoxi 4 e reacts with water vapour at quite low 
temperatures, e.g. 400® C., in the presence of a suitable 
catalyst, giving the so-talled water gas equilibrium — 

CO -H H2O £02 + H2 + 10,200 calories. 

This equilibrium is dealt with elsewhere, see pp. 157 and 309. 
The equilibrium constant becomes unity at a temperature of 
about 830® C., which means that below this temper%jhire 



carbon monoxide is a more active reducing agent than 
hydrogen and above this temperature less so. Thus, it is 
found that carbon monoxide begins to reduce metalUc oxides 
at a considerably lower temperature than does hydrogen, 


Monoxide, Carbon Dioxide and Carbon. 


800 

900 

1000 

1100 

1200 

7 

2-22 

0*59 

0-15 

o*o6 

0-0752 

0*0227 

0000593 

O- 001 50 

O’ 0006 

o*o8ii 

, 002^2 

t 

0- 00597 

0001503 

0-0006 


cf. Fay and Seeker, J, Amer. Chem. Soc., 35 , (1903), 641, and 
Fay, Seeker and Ferguson, Polytechnic Engineer, 10 , (1910), 
72, who give among others the following reduction temper- 
atures 





Carbon monoxide. 

Hydrogen. 

Cupric oxide 


• . . 

75* C. 

*125" c. 

Mercuric oxide (yellow) . . 


• * 

o^C. 

. 50* C. 


Silver oxide is ^reduced by carbon monoxide at the ordinary 
temperature. » * ^ 

On similar lines is the observation of Henry [Phil. Trans,, 
(1824), 266 ; Phil Ma^., [3], 9 , (1836), 324), that when a 
mixture of carbon monoxide, hydrogen and oxygen is 
exposed to a platinum catalyst at a temperature of 150- 
170® C., the oxygen attaches itself*mostly to the carbon 
monoxide ; flmilar results were obtained at the ordinity 
temperature (cf. also p. 255). • 

It is evident that carbon monoxide is an energetic 
£ reducing agent and many of its applications, usually as 
^;pr<^ucer gas or water gas, de'pend on this property. It 
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slowly reduces silver nitrate solution, potassium, perman- 
ganate solution, etc., at the ordinary temperature. 

Carbon monoxide reacts readily with hydrogen in the 
presence of finely divided nickel (Sabatier and Senderens, 
Comptes Rend., 134 , (1902), 5 ^ 4 ) > t>^st at a temperature of 
250-300° C. according to the equation— 

CO + 3H2 = CH4 + H2O + 50,800 calories. 

It is patent that methane production will be favoured by 
low temperature— consistent with sufficient reaction velocity 
— and high pressure. The reaction, however, goes very com- 
pletely at the ordinary pressure if excess hydrogen be used 
at 250-300° C., and a rough calculation according to the 
Nernst Heat Theorem shows that starting with a mixture 
containing 80 % hydrogen — which with complete reaction 
would give, after removing water, a product containing 50 % 
methane and 50 % hydrogen — the equilibrium 'constant at 
300° C. is equal to 

^ch4_X H20 

Pco 

= antilog/ — — — 3-5 log 573 — 2‘2l 

14*571X573 ) 

= 3*5 

It is evident that very littlG carbon monoxide can remain 
in equilibrium and, approximating, by taking 
= = 0*333 atm., we have 


^,,=,__^:333 X^333 < tms. 

3-5 X io7 X 0*333^ 

= 8*6 X io~® atms. 

= 0 0000086 % carbon mOnoxide. 


At a temperature of 800° C. a similar rough calculation 
gives a value of 0‘00 for the equilibrium constant. (The 
question is, of course, complicated to some exte'at by the water 
gas reaction owing 40 which some of the carbon monoxide will 
be converted to carbon dioxide.) This corresponds to a final 
methane content of only about 17 % when starting with the 
above-mentioned mixture'. In this connection cf. the 

o 
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producti’^)!! of hydrogen by the decomposition of hydro- 
carbons, p. i8g. 

As an impurity of technical hydrogen carbon monoxide 
is important in the synthetic production of ammonia 
and, in a lesser degree, in the catalytic hydrogenation 
of oils. For the latter case cf. Moxted*. {Trans, Faraday 
Soc,, Dec., 1917), according to whom the presence of 
0'25 % carbon monoxide in the hydrogen effects a reduction 
in the rate of absorption of about 30 %. The sensitivity 
to carbon monoxide, however, depends on the conditions of 
preparation of the nickel catalyst; thus, Lessing (B.P. 
18998/12) introduces the nickel catalyst in the form of nickel 
carbonyl. 

The illuminating effect of carbon monoxide as regards 
incandescen'c mantlas is found by Forshaw to be 48 % 
greater thaij that of hydrogen, although the calorific value 
is only 18 % greater. 

Carbon monoxide forms, with various metals, an interest- 
ing series of additive compounds, a description of some of 
which wiB be given later. 

On cooling, carbon monoxide condenses to a colourless 
liquid and solidifies to a snowy solid. 

The limits of inflammability of carbon monoxide in 
admixture with air are as follows : — 

Minimum percentage of air in carbon 
monoxide for inflammation . . 

Mipimurh pe^rceiftage of carbon) ^ 
monoxide in air for inflammatioif j ^ 

(Coward, see p. 40). 

Manufacture of Carbon Monoxide.f-Carbon monoxide 
is seldom made in a pure state on the large scale, but if 
required it is readily obtained by passing carbon^ dioxide 
through a b.id of incandescent coke. The operation 
may be rendered continuous, if desired, by the addi- 
tion of oxygen to the carbon dioxide (cf. Loiseau, B.P. 
11590/08). • Referenccf to p. 238 will show that a tem- 
, perature of not less than 1000® C* is desirable if comparative 

A.* 16 
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freedom from carbon dioxide, without subseque^it purir 
fication, is necessary. With this ideal in view Benjamin 
(U.S.P.s 1225048/17 and 1225396/17) proposes the use 
of local electric heating of the carbon dioxide or coal. 
According to B.P. 21213/13 of the “ Athion ” Gesellschaft, 
the necessary carbon dioxide is obtained by concentration 
from products of combustion, using alkali carbonate lye 
(cf.p. 264). 

Carbon monoxide is also obtained in a relatively pure 
state as a by-product of the Linde-Frank-Caro process, 
the liquid fraction usually consisting of 80-85 % carbon 
monoxide (cf. p. 172) the remainder being hydrogen. In 
most cases the carbon monoxide is burnt in a gas engine for 
the production of the necessary pov(^er for driving the com- 
pressors, etc., but could quite well be used for chemical 
purposes, e.g. in the Mond nickel process (cf. p. 243). 

By far the most important industrial form of carbon 
monoxide, however, is as producer gas and water gas (cf. 
Section XIII.) , the latter of which contains some 40 % carbon 
monoxide. Coal gas also contains a large amount of carbon 
monoxide. 

Carbon monoxide may be prepared in a pure state on a 
semi-teclmical scale by the action of sulphuric acid on 
commercial formic acid. Suitable apparatus for this purpose 
is describe by Hutton and Petavel (loc, cit., p. 113) consist- 
ing of a large glass bolthead half filled with 2 gallons of 
sulphuric acid of S.G. 173 and heated to 150-170° C. by 
means of a granular carbon electric resistance furnace. 
Ninety per cent, formic acid is run in, when carbon monoxide 
(of 99 % purity after washing with caustic soda solution) can 
be produced at a rate of about 100 ft. 3 /hr. and at a cost 
of some 50/- per 1000 ft. 3 . About 130 lbs. of the 90 % 
formic acid are required for 1000 ft.^ of the gas. 

(V 

Applications of Carbon Monoxide 

General.— It is a little difficult to draw any sharp line 
of distinction between the uses of carbon monoxide as such 
and the general applications of water gas and semi-^ater 
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gas, but ilmong the former may be emphasized the following 
examples : — 

The Mond Nickel Process. — Metallic Carbonyls. — Be- 
fore describing in detail this interesting process, it will be 
well to give a brief outline of the producticfn and character- 
istics of the additive compounds of carbon monoxide with 
metals. The first known compound, namely, nickel carbonyl, 
was discovered by Mond and ganger about 1889 somewhat 
as follows. At this time a process was in use by Mond for 
the production of chlorine from ammonium chloride in 
which nickel oxide was heated in the vapour of the ammo- 
nium chloride, giving free ammonia and nickel chloride 
which was subsequently* reconverted into oxide and chlorine 
by heating in air. The nickel was used in the form of balls 
made up wil^ china clay and was found to deteriorate rapidly, 
the effect being traced to the use of inert " gas for the 
purpose of sweeping out the residual ammonia before admis- 
sion of air. The inert ” gas consisted of nitrogen containing 
some carton monoxide and carbon dioxide, obtained from 
the ammonia soda plant. In like manner, attack on the 
nickel valves was noticed. These observations led to 
the study of the action of carbon monoxide on nifkel with 
the object of making any possible compounds. During the in- 
vestigation the exit gases from the experimental tulle were led 
to a Bunsen burner to burn up the poisonous carbon monoxide, 
and to the surp^rise of the investigators, in one experiment 
when the* tube was cajoling down, particularly when below 
100° C., the flame was observed to become luminous, owing, as 
was subsequently shpwn, to the formation of nickel carbonyl. 

Nickel carbonyl — Ni(CO)4 — is a colourless hquid of B.Pt. 
43° C. and M.Pt. — 25° C. The vapour is liable to explode, 
even at 60° C., while the Hquid slo\frly decomposes in the 
air, giving a gteenish deposit. On heating to about i8o®«C. 
metalHc nickel is deposited in the form* of a mirror. The 
compound is very poisonous. 

The equation 


Ni + 4CO^*Ni(CO)4 
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indicates that the formation will take place morl readily 
at increased pressures. According to Dewar the dissociation 
pressure of nickel carbonyl varies with the temperature as 
follows : — 

Temperature. Dissociation pressure 

t (experimental). 

100® C 15 atms. 

250® C 100 atms. 

Iron likewise forms compounds under similar conditions. 
The compound most easily formed is the pentacarbonyl — 
Fe(C0)5 — a yellow liquid of B.Pt. 102*8® C. By the action 
of light it is converted into Fe2(CO)9, an orange red crystalline 
substance which in turn, when dissolved in toluene and heated 
to 95® C. in an atmosphere of carbon dioxide, gives Fe(C0)4. 

Iron carbonyl is formed in small quantities 'in cylinders 
containing compressed water gas or coal gas by the action 
of the carbon monoxide on the iron of the cyhnders and has a 
deleterious action when such coal gas is used for limelight 
or for incandescent mantles, the iron being deposited in the 
form of oxide. The formation of the compound may be 
minimized by special treatment of the cyhnders. 

It was long thought thatcobalt gave no parallel compound, 
but, in i^io, Mond, Hirtz and Cowap (Chem. Soc. Trans. , 
(1910), 798) isolated the carbonyls of cobalt, molybdenum 
and ruthenium. These compounds have higher dissociation 
pressures than the corresponding nickel and iron compounds. 
Thus the conditions for their formation are— 

. r 


, Pressure.* Temperature. 

Atms. ®C. 

Cobalt 100 200 

Molybdenum .. .. 250* ' 200 

Ruthenium ' . . . . 450 300 


Potassium with cjtrbon monoxide at 80-90® C. forms 
a «black,' soUd .explosive compound (KCO), which detonates 
at 100® C., or by contact with air or water at the ordinary 
temperature. The formation of this compound was a 
source of considerable trouble in the old procefe of manu- 
facturing potassium. ‘ ^ 



CARBON MONOXIDE 


245 

The defining of Nickel by the Mond Process . — ^Following 
up the results of the above-mentioned investigation Mond 
developed the process on a technical scale. In a very 
comprehensive patent, B.P. 12626/90, Mond outlines a method 
of refining nickel based on the alternate formation and decom- 
position of nickel carbonyl. A number df patents follow, 
e.g. B.P. 8803/91 relates to the direct production of nickel 
alloys by passing the gas containing nickel carbonyl into a 
molten metal ; B.P.s 23665/91 and 23665A/91 describe 
the arrangement of the reducer and the volatilizer with an 
intermediate rotatory feed valve for the ore to prevent 
intermixing of the gases, while B.P. 1106/98 prescribes the 
use of pellets as media for the continuous deposition of the 
nickel with appropriatie plant. These patents form the 
basis of the process as described below. In B.P. 9300/02 
Dewar deak with the action of increased pressure in the 
operation of the process, but this modification does not appear 
to have come into use in actual working ; the enhanced 
formation of the carbonyl would doubtless be largely offset 
by the increased cost and difficulty of conducting operations 
under high pressure. 

An experimental large-scale plant was erected at Smeth- 
wick in 1892 and after the success of the process *had been 
demonstrated, a large worki^ was put up at Clydach, the 
present output of which amounts to some 3000 tonS of nickel, 
of 99*9 % purity, per annum. Details of the present plant 
are not available, but presumably it is similar to the Smeth- 
wick plaift, of which u description is given Ijy Mond in Revue 
Gen. de Chim. pure et app., 2 , (1900), 121. The scheme of 
the operations is as follows. Nickel ores containing nickel, " 
cobalt, copper and iron as pyrrhotite .(magnetic pyrites), 
kupfemickel, chalcopyrite, etc., are suitable. That usually 
adopted is pyrrhotite mixed with "topper pyrites and is 
essentially iron sulphide containing some 3% nickel *nd 
about the same quantity of copper ; the principal deposits 
are in Sudbury. The bessemerized matte, containing some 
80 % Ni 4 " Cu, is roasted to convert it into oxide when it 
contains about Ni 33 %, Cu 42 Fe 5 %. It is next crushed 
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and screened through a 6o-mesh sieve and thenfenriched 
in ‘nickel by leaching with dilute sulphuric acid which 
dissolves out part of the copper, the ore having a final 
composition of about Ni 51 %, Cu 21 %, Fe 3 %. After 
drying, the ore passes to the '' reducing ” and “ volatilizing 
towers, which afe superimposed, the latter being on top. 
By means of annular flues heated by producer gas, the 
“ reducer,” which is some 25 ft. high, is maintained at a 
temperature not exceeding 300° C. The “ reducer ” and also 
the “ volatilizer ” are provided with shelves and mechanically- 
operated rabbles revolving romid a central vertical shaft, 
as in a Herreshoff sulphur burner, the ore being fed in at the 
top, passing from centre to periphery and vice versa ; the 
reducer has about 14 shelves. 

The nickel and copper oxides are thus reduced by a stream 
of water gas passing upwards as the ore descends the tower, 
the reduced product is cooled to about 50° C. on the lower 
5 shelves, this section of the tower being water-jacketed. 
From the bottom of the ” reducer ” the reduced ore, is passed 
out through ^ rotating valve and is lifted by means of an air- 
tight conveyor to the top of the “ volatilizer.” This tower, 
which is about 15 ft. in height, is maintained at about 50- 
100° C. rHere the reduced ore passes down in counter- 
current to a stream of 80 % c&rbon monoxide which effects 
the formation of nickel carbonyl, the carbon monoxide 
effluent having a carbonyl content of about 2 %. The ore, 
on the other hand, passes out through a rotating valve, which 
prevents the intermixing of the two types of gas,* and back 
to the reducer. 

This cyclic treatment is necessaiy, js the nickel after a 
time loses its powefi of yielding carbonyl and requires reacti- 
vation by further heating to 300° C. in the reducing gases. 

The gases leaving tlie volatilizer pass through a dust filter 
aiM enter the •decomposer, which consists of a tower some 
10 ft. high filled with nodules of nickel previously formed, 
and heated to 180° C. Entering at the top, the gases pass 
down through a central pipe reaching to the bottom and , 
perforated along its length, the nickel carbonyl suffsringl 
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<iecomp\^ition among the pellets of nickel which gradually^ 
increase in size ; the pellets pass out at the bottom of ^ the 
tower through a rotating valve and are automatically 
screened, the smaller ones being returned to the top of the 
tower by an elevator while the larger pass out through a 
valved opening. In consequence of the ^constant friction, 
the nodules, as put on the market, have the appearance of 
burnished bicycle balls of about J in. diameter. This system 
of operating the decomposer avoids any trouble in the other- 
wise intermittent removal of the deposited nickel. The 
disengaged carbon monoxide returns to the volatilizer. 
To prevent blocking by deposition of nickel carbonyl within 
the central pipe, the latter is water-jacketed. We have 
here a very ingenious beries of cyclic operations represented 
graphically in Fig. 52 . 



Fig, 22. — Mond Nickel Process. 

It is important that the temperature of the reducer 
should dot exceed 3c o'" C., especially if much iron be present, 
as the reduction of the iron oxide would give rise to iron 
pentacarbonyl with consequent contamination of the metallic 
nic Vpl , Further, an increase of temperature impairs the 
activity of the reduced nickel as regards carbonyl formation. 
Reduction is carried out by waWr gas containing aboul^; 
60% hydrogen, from anthracite, generators ; hndei*the 
above conditions the reduction is mostly afiected by the,, 
hydrogen, of which the issuing gas contains only about^ 
5-10 %.’ Part of 'this gas, after passing first throi^h a 
cppler and then through a retort filled with incandescent 
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wood charcoal and now containing some 80 %f! carbon 
moqoxide, is used to make up the losses from the volatilizer- 
decomposer cycle. The ore is circulated through the yolati- 
lizer until about 60 % of the nickel is removed (residue equals 
about two-thirds of the original matte), this conversion 
occupying from 8 to 15 days, and is then of similar composition 
to the original matte. It is returned to the roasting furnace, 
leached and put into commission again. vSome care is 
required as regards the temperature of the decomposer. 
If less than 180° C. the nickel is not deposited, and if above 
180-200° C. catalytic dissociation of the carbon monoxide 
to carbon dioxide and carbon is induced. 

As stated above, the purity of the nickel is extremely 
high, the carbon content, which is ofton of importance, being 
less than 0‘i %. * * 

The Production of Formates, Oxalates and Acetates. 
— The action of carbon monoxide on heated caustic soda was 
discovered by Berthelot in 1856, who showed the action to 
proceed according to the equation — 

CO + NaOH = H . COONa 

and observed that the absorption proceeded more rapidly 
in the presence of water. 

A more complete investigation of the reaction from a 
technical standpoint was undertaken by Weber (“ Uber die 
Einwirkung von Kohlenoxyd auf Natronlauge," Karlsruhe 
Dissertation, 1908). Working with increased pressure and 
at temperatures up to 180° C., Webe?* arrived at the following 
conclusions ; (i) tnat the reaction is of the first order ; (2) 
that a solution containing 10 % NaOH gives the highest 
reaction velocity at high temperatures^* (3) that the reaction 
occurs between the dissolved carbon monoxide and the 
caustic soda, not between gaseous carbon monoxide and 
watojr vap6ur ; and (4) thatfor constant temperature and speed 
of stirring the rat^ of absorption is proportional to the 
concentration of carbon monoxide. 

The experiments were continued by Fonda liber die 
Einwirkung von Kohlenoi^^d auf Laugen,” Karlsriihe 
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Disserta^^n, 1910) and are summarized by Haber in liis 
Hurter memorial lecture at Liverpool (/. Soc. Chem. Ind., 
(1914), 51). At a comparatively low temperature, stirring 
had little influence, the liquid being easily kept saturated 
with gas, but when a temperature of 160-170° C. was 
reached, the stirring could not be made* so fast that an 
increase in the speed did not cause an increased rate of 
reaction. Above 100° C., 10 % NaOH gave the best results, 
e.g. at 160° C. the reaction velocity was more than 15 times as 
great with 10 % as with 43 % solution. It was thought 
possible that the superiority of the 10 % solution might be 
explained by a connection with the surface tension, but this 
hypothesis was not confirmed by measurements of the latter 
at the high temperaturet in question. 

Experinients by*Bredig and Carter at temperatures of 
50-80° C. and pressures up to 40 atms., using different 
bases, e.g. the alkalis, baryta, tetramethylammonium hydrox- 
ide, piperidene, etc., showed that the reaction velocity was 
constant for different bases given equal hydroxydion 
concentration. 

There are many patents relating to this subject, among 
which the following may be mentioned : B.P. 17066/95, 
by Goldschmidt, relates to the production of fcyrmate by 
passing carbon monoxide or/er caustic soda, or preferably 
soda-lime, at a temperature of about 230° C., th^ operation 
being facilitated by being carried out under pressure. 
According to Koepp & Co. (B.P. 7875/^4) ^ 35 % solution 
of caustic soda is run tn to a mass of coke at a temperature of 
220° C. in a closed vessel ; carbon monoxide is passed through 
the liquid for three-quarters of an hour. In B.P. 772/06, the 
Elektrochemische Werke, Bitterfeld, pr^cribe the treatment 
of caustic alkali in large pieces with carbon monoxide at 100- 
120° C. under pressure, while Nitridfabrik, G.m.b.H. (B.P. 
9008/06) deall with the use of caustic soda with the addition 
of 0*12 % to 0 15 % water, such addition of water being 
claimed to produce improved absorption. In B.P. 13953/^7 
the Unitecf Alkali Cl>. and others claim an accelerated and 
mo{e complete absorption when using solid caustic soda, by 



250 INDUSTRIAL GASES 

the addition of titanium compounds, e.g. a mixture |)f caustic 
soda with about ii % titanic acid is used at a temperature 
of about 150° C. After evacuation, carbon monoxide is 
admitted with stirring, the pressure being kept low. Ellis 
and McElroy (U.S.P. 875055/07) prescribe the treatment 
of basic mineral substances, e.g, calcium carbonate, suspended 
in water, with carbon monoxide or producer gas at high 
temperature and pressure. Dubox, Luttinger and Denis 
(F.P. 421227/09) advocate the use of ammonia or organic 
bases in presence of pumice impregnated with one of a number 
of metallic catalysts at a temperature of 90-165° C. and at 
atmospheric pressure. On somewhat similar lines is U.S.P. 
1212359/17, by Katz and Ovitz, according to whom a stream 
of carbon monoxide and ammonia ascending a tower, meets a 
descending stream of finely divided caustic alkali solution, the 
temperature being 150-200° C. and the pressure *10-20 atms. 

The synthetic production of formates is carried out 
on a considerable scale, the usual source of carbon monoxide 
being air producer gas. 

In the manufacture of formates, especially when carried 
out under increased pressure, the action of caustic soda 
liquor on steel at high temperatures is of importance from a 
safety standpoint. Hydrogen is absorbed by the steel, 
the mechanical properties of which are impaired. Cf. 
Andrew, Trans. Faraday Soc., 9 , (1914), 317 ; Mercia, Meiall. 
and Chem. Eng., 16 , (1917), 496, 503 ; Stromeyer, Chem. 
Trade J., 61 , (1917), 533 ; Worsley. Ibid., 62 ^ (1918), 65. 

ProductionofC)xalates . — On gentle heating, sodiuih formate 
is easily converted into oxalate with liberation of hydrogen 
and the following patents relate to such ponversion. 

Goldschmidt 26172/97) heats sodium formate 

mixed with about 125 % of anh5^drous sodium carbonate 
to 400-410° C., the sodium carbonate securing a good yield 
of<^oxala*te and being » subsequently remove'd. Similarly, 
Koepp & Co., in B.P. 9327/03, heat sodium formate with 
e.g. 1 % of caustic soda which facilitates the decomposition. 
At 260° C. the molten mixture evolves hydrogen and the 
reaction is complete at ^60° t. The use of reduced pressure 



is presiibed in B.P. 19943/07 by the Elektrochemische 
Werke, Bittcrfeld, the conversion taking place at a lower 
temperature, preferably about 280° C. 

Other patents have as their primary object the production 
of mixtures of nitrogen and hydrogen through the intermedi- 
ary of formates, e.g. B.P. 30073/13 and tJ.S.P. 1098139/14 
(cf. p. 205), while B.P. 1759/12 relates to the removal 
of the last traces of carbon monoxide from hydrogen 
(cf. p. 208). 

Acetates may be produced in a similar manner to formates 
by the treatment of sodium methoxide with carbon monoxide 
at a temperature of 180° C. 

The Production of Gases Rich in Methane.— Carbon 
monoxide reacts readify with hydrogen to form methane in 
the presence of a suitable catalyst, as stated on p. 240. The 
method hacfe been used on the large scale for the production 
from water gas of a gas of high calorific power with some 
illuminating properties. 

A (Ascription is given by Erdmann (/. Gasbeleucht,, 54 , 
(1911), 737) of an experimental plant installed in England 
by the Cedford Gas Producing Co. (cf. B.P.s 17017/09 and 
22219/09). In order to obtain a gas of suitable composition 
(as the action is unsatisfactory in the presence of excess 
carbon monoxide), the wal^r gas was given a preliminary 
treatment in a Einde-Frank-Caro plant (cf. p. 172), the 
valves being so regulated as to give a gaseous fraction 
containing about 17 carbon monoxide, e.g. in one 
test the average percentage composition oj the gas was — 

Hydrogen 80-9 

Carbon nfondxide 16*3 

Nitrogen * . . 2*8 


• loo-o 

• % # 

Part of the liquid (carbon monoxide) fraction was used 
for the driving of the compressors. This preliminary 
treatment had the advantage of giving a gas completely 
free from sulphur C(>mpounds which exert a poisonous effect 
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on the nickel catalyst. The above gas mixture passed 
through three vertical quartz tubes of 4I in. internal diameter 
and about 5 ft. long containing pumice impregnated with 
about 200 grams of nickel per tube. The tubes were electri- 
cally heated to 280-300° C., the gas being also preheated ; after 
working for a litlle time the operation was self-supporting, 
leaving through a condenser the gases had the following 
percentage composition : — 

Hydrogen 62 

Methane 31 

Nitrogen 6 

Carbon monoxide, carbon dioxide, 
etc ^ . . . Traces. 

and possessed a calorific value of 263 C.H.U./ft.^, (474 
B.T.U.) as against the initial value of 159 C.H.U./ft.^ 
(286 B.T.U.) for the original water gas. 

About 450 ft. 3 /hr. of the 16 % carbon monoxide gas was 
passed through the catalytic chambers, which had a volume of 
about 1*8 ft. 3 , corresponding to a space velocity " of 250 
ft. 3 /ft .3 catalyst space/hour, referred to the 16 % carbon 
monoxide gas, or of 128 referred to the final gas. The cost 
of conversion of the water gas into the final product is given 
as rytd.lL^oo ft.^ of the latter ; this figure would appear 
to be low and in any case does not include any overhead 
charges. 

The Manufacture of Phosgette.jr-Carbonyl chloride, 
or phosgene, is an'industrial gas which may be conveniently 
described at this point on account of its manufacture from 
carbon monoxide. By passing a mixture 6f carbon monoxide 
and chlorine over plktinum sponge at 400° C., combination 
takes place yielding phosgene, according to the following 
rev^rsible^reaction 

CO -f Clij^COCl2 +22,950 calories. 

The equilibrium is given below for a pressure of one 
atmosphere, the values being calculated according to the 
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Nemst ^leat Theorem (cf. Horak, Dissertation, Berlin, 
1909). 


TABLE 27. ■ 
Phosgene Equilibrium. 


Temperature '’C. 

% COCI2 

% CO 

% CI2 

300 

92- 5 

3’ 75 

3-75 

400 

66* 9 

16* 5 

1^-5 

500 

290 

35-5 

355 










It is evident that a low temperature is favourable to the 
production of the carbonyl chloride and that increase of 
pressure would also favour the reaction. The reaction 
takes place in the presence of animal charcoal as catalyst, 
either in the dark or, better, in sunlight. Thus, according to 
a small-scale experiment of Paterno, 70 c.c. of animal charcoal 
effect the formation of about i kilo, carbonyl chloride in 24 
hours, corresponding to a “ space-time-yield of about 0*6 
kilos. /litte catalyst/hour. On the large scale, with coarse 
granulated charcoal in the dark, a considerably lower space- 
time-yield is to be expected. Cooling is necessary on account 
of the heat evolution. 

Phosgene has also been m|inufactured by heating together 
electrically a mixture of quickhme, calcium chloride and 
ground coke — 

2CaO 4 * 2CaCl2 1|- loC = 4CaC2 + 2COCI2 

Calcium carbide is formed while phosgene distils over and may 
be at once converted into carbon tetrachloride by passing 
through a heated catalyst, e.g, coke, bone black, pumice, 
etc., carbon dioxide being formed at the same time with 
evolution of heat. (Cf. U.S.P. 808100/05 by Machalske.) 

PropertiesMfid U ses of Phosgene.-j-Thosge^e is a coloujfess 
gas liquefying at 8*2° C. It has a charapteristic, unpleasant 
and pungent odour. The liquid has a specific gravity of 
1*432 ato'^C. The sq})stanceis decomposed slowly by cold, 
rapjidly by hot water. It is fSirly reactive and is used on 
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a considerable scale for the preparation of di- and t^-phenyl- 
methane dyestuffs, etc. It combines with ammonia to form 
urea and ammonium chloride. Phosgene is sold in the 
liquid state in cylinders. 

With reference to its use as a poison gas, see p. 292. It is 
much more insidious in its physiological action than chlorine, 
being less irritant while its effects are only evident after a 
considerable number of hours and are then very severe. 

Other Applications of Carbon Monoxide ^The use 

of carbon monoxide has been proposed for the reduction of 
organic compounds ; cf. B.P. 6409/15 of the Badische Co., 
according to whom nitro compounds as e.g. nitrobenzene, are 
vaporized and passed with a carbon monoxide-steam mixture 
over a copper catalyst on pumice at a comparatively low 
temperature ; the carbon monoxide is converted wholly or 
partially into carbon dioxide. 

Estimation of Carbon Monoxide.— Carbon monoxide 
may be detected by its blackening action on paper moistened 
with palladious chloride solution, or by examination of the 
blood of animals, c,g, mice, after air containing"* carbon 
monoxide has been breathed by them. Carboxyhaemoglobin 
has a definite absorption spectrum and the test is sensitive 
to about o'oi %. When present in sufficient quantity 
carbon monoxide may be estimated fairly satisfactory by 
absorption' in cuprous chloride solution after preliminary 
removal of the oxygen. The useful lower limit of the method 
is about 0*25 % of carbon monoxide. 

By passing the dry gas over iodine pentoxide heated to 
about 160° C., 'any carbon monoxide is quantitatively 
oxidized to carbon dioxide according to the equation— 

^2^6 4 * 2CO = I2 + 5CO2 

(cf. Levy, ]. Soc, Chem. Ind., (1911), 1437 ; Graham, Ibid., 
(1919), 16 T.) By means of this reaction, concentrations of 
from 0*003 to 0*0003 % may be estimated in air by collecting 
the iodine formed. In the presence of hydrogen, in which 
gas the necessity of estimating smaH quantities bf carbon 
monoxide often arises, the results are complicated by a sqjiall 
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portion the hydrogen undergoing oxidation ; it is conse- 
quently necessary to remove the iodine first by cooling ^nd 
then by bubbling through mercury which effectively removes 
iodine vapour, and to estimate not the iodine but the carbon 
dioxide formed, by suitable means. Methane is not attacked 
by the iodine pentoxide, but any unsaturaied hydrocarbons 
present must be removed, best by the action of concentrated 
sulphuric acid at a temperature of about 165° C. (Weiskopf, 
J. Soc. Chcm.Ind., (1909), 1170). The method is accurate, 
without any special precautions, to about 0*01 %, provided 
that effective means be adopted for the accurate estimation 
of the carbon dioxide. 

A similar preferential oxidation of the carbon monoxide 
may be effected by the'action of chlorate solutions activated 
with colloidal osmium, by precipitated mercuric chromate 
(Hofmann,. 49 , (1916). 1650, 1663); by activated 
copper oxide moistened with alkali, or by activated copper 
moistened with alkali in the presence of oxygen (Hofmann, 
Ibid., 51 , (1918), 1334) ; also by the action of precipitated 
mercuric oxide (Moser and Schmid,/. Soc. Chem.Ind., (1914)1 
442) . An automatic carbon monoxide recorder, designed for 
estimation of this gas in hydrogen, has been described by 
Rideal and Taylor [Analyst, March 1919). It depends on 
the catalytic fractional combustion of the carbon monoxide 
and subsequent estimation of the carbon dioxide'by a con- 
ductivity method. 
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Occurrence. —Carbon dioxide occurs in large quantities 
in a pure state, issuing from fissures in the earth, usually 
in the neighbourhood of volcanoes ; in caverns, especially 
in limestone districts, and also with water in mineral springs, 
e.g. the mineral springs of the Volcanic Eifel and other 
springs in Germany and France, the Saratoga springs in 
New York, etc. In addition, carbon dioxide is present in 
small quantities in the air (cf. p. 59). 

Properties of Carbon Dioxide Carbon dioxide 

(carbonic anhydride, carbonic acid gas) is a colourless gas 
with a slight acid odour and taste. It is characterized by 
being easil)^ liquefiable on simple apphcation of pressure at 
the ordinary temperature, and by its relatively high solu- 
bility in water. 


The following table gives the relation between temper- 
ature, pressure and solubility 


Temperature ®C 

C.c. gas at N.T.P, dissolved by' 
X c.c. of water under a pressure 
® of I atm, exclusive of water 
vapour (Bohr and Bock, 
Annalen, 44 , (1891), 31$,^ 


0 

5 

10 

i 

15 1 20 

30 

40 

50 

i’ 7 r 3 ' 

1424 


ioi 9 *o’ 87 , 8 | 

0665 

0-530 

0436 


1 

i 

1 


tr j 


1 



At increased pressures the solubility does not follow 
Henry's Taw closely', being, according to Wroblewski (Comptes 
Rend., 94 , {1882), 1355)^ as follows : — 


1 

Pressure in atms. {ab- 

< 



1 — 



solute) 

Solubility in c.c. per 

r I 

5 

10 

1 

15 20 

i 

25 

30 

C.C, water at 12*4* C, 

i'o86 

515 

9-65 

13-63 1 1711 
* 1 

620-31 

23*25 
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The’ specific heat shows a "much larger temperature; 
coeffideilt than that of most other gases being given by^the 
following expression (Holborn and Henning, Annalen, [4], 
18 , (1905), 7139 ; 23 , (1907), 809)— 

Cp = 0*2010 4 - 0*0000742^ — 0*000000018^2 

over the range 0-1400® C. where = mean specific heat, 
and t = ®C., while according to Crofts (Chem. Soc. Trans,, 
(1915), 290)- 

C„ = 0*1500 + 0*000052/ 

where C*, is the mean specific heat between / and 15*5° C. 

Carbon dioxide passes through indiarubber with greater 
rapidity than do most other gases (cf. p. 10). 

An aqueous solution of carbon dioxide is slightly acid 
to litmus;, the acid H2CO3 is, however, almost entirely 
undissociated. Crystalline hydrates are formed at low 
temperatuifes. 

On heating to very high temperatures carbon dioxide 
undergoes dissociation into carbon monoxide and oxygen, as 
is seen from the following table (♦Nernst and v. Wartenberg, 
Z. physik, Chem., 56 , (1906), 548 ; f Bjerrum, Z. physik. Chem,, 
79, (1912), 537) 

TABLE 28. 

Dissociation of Carbon Dioxide. » 


emperature ®C. 

♦1027 

r- 

* 11*7 

♦1205 

12367 

42606 

^262; 

t 2672 

t* 84 : 

ercentage of carbon 









dioxide which has 









undergone dissocia* 









tion .. ..» 

O’ 00414 

o’C||:-o'02 

O’ 029-0- 035 

210 

517 

49*2 

64-7 

76*1 


These values are determined experimentally for a pressure 
of I atmosphere. ‘ »» 

At reduced pressures the dissociatiomis more pr6nounced. 

By the action of the silent discharge, or ultra-violet light, 
dissociation into carbon monoxide and oxygen takes place. 
For a discussion of the equilibrium*between ‘carbon dioxide, 
carbon monoxide and carbon — • 

• CO2 + C ^ 2CO — 39,300 calories, 
cf.yp. 238 and 303.^ 


17 
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The conversion of carbon dioxide into carbon i^onoxide 
by the water gas reaction has also been dealt with elsewhere. 
Carbon dioxide is converted into methane by passage over 
reduced nickel at 350° C. in like manner to carbon monoxide 
(Sabatier andSenderens, Comptes Rend.,\Z^, (1902), 514, 689). 

Carbon dioxide is decomposed by heated magnesium 
with separation of carbon. It is a non-supporter of 
combustion and on this account is employed as a fire 
extinguisher. Although its poisonous action is slight, it 
produces suffocation by lowering the concentration of oxygen. 
Exhaled air contains some 4-4 % of carbon dioxide, about 
2 lbs. being expired daily by an average adult. Carbon 
dioxide is an important factor in the rusting of iron when 
oxygen and water are also present. * At high temperatures 
carbon dioxide is an energetic oxidizing agent, thus metals 
such as iron are attacked rapidly by the gas at a red heat. 

It has been observed by Fischer {J, Soc. Chem. Ind., 
(1915), 726) that carbon dioxide in the gaseous state behaves 
as a fertilizer in promoting plant growth. 

Liquid Carbon Dioxide. — Liquid carbon dioxi&e is a 
colourless, very mobile liquid, having the following vapour 
pressures at the temperatures specified : — 


Temperature °C, — 

Solid. 

— 782 —70 —60 —50 —40 —30 —20 —10 O 10 20 30 40 

Vapour pressure in atms. 

(absolute)— ^ , 

' 35*4 460 73*8 gro* 

' 34'3 44*2 56 3 70*7 — t 

I’oo r88 3-92 673 9'88 I4'2i 19-52 25-831 

* Regnault, 1862. t Amagat, 1892. C ZSeny and Smith, 1906. 

* c 

The density of the liquid at 15° C. is 0*814 (Amagat). 
Liquid carbon dioxide is only slightly soluble in water, but 
is readily miscible with dcohol, ether, etc. 

For further information as to properties, see Tables 12 
. and 13, also pp. 42-45. 

Solid Carbon Dioxide.— Czxhon dioxide readily assumes 
the solid state (about one-third of the whole) on simple release 

9 .-'’ 
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of the liquid to atmospheric pressure. Solid carbon dioxide 
is a white, crystalline, snow-like substance, which cah be 9 
handled with impunity in spite of its low temperature 
(about —78° C.) if not pressed too much. On account of 
its high latent heat vaporization, it may be kept for a 
considerable period without special Aermal insulation. 
Its vapour pressure is equal to i atm. at — •78‘2 (Zeleny and 
Smith, Physik. Zeit., 7 , (1906), 670). On reducing the 
pressure to 2*5 mm. the temperature falls to —130° C. 
Mixed with ether or chloroform, an excellent refrigerating 
medium is obtained by means of which temperatures as 
low as —-85° C., or even lower if the pressure be reduced, 
may be obtained. Its use also forms a convenient method 
of maintaining moderately low temperature baths in the 
laboratory, e.g. —20 to —50° C. Thus, an alcohol bath 
may be readily maintained at a constant temperature in the 
region indicated by successive additions of small quantities 
of solid carbon dioxide. 

* Manufacture of Carbon Dioxide 

General. — It is not difficult to produce carbon dioxide 
in a practically pure state technically, but, as in the case of 
sulphur dioxide, it is usually more economical either to effect 
a concentration of the gaslrom mixtures containing it, or 
to use it in the dilute condition. 

Consequently, it will be convenient to deal separately 
with processes,producing pure and dilute gases respectively. 

• • 

Generation of Pure Carbon Dioxide 

(i) Utilization of Natural Sources.— -Carbon dioxide 
is obtained commercially from the Saratoga springs in New 
York, also from springs in South Germany and France. In 
some cases the gas is under considerable pressure as it 
issues from fhe ground, e.g, 15 atfiis. ; the* carbon dioxide 
is usually accompanied by a little sulphuretted hydrogen. : 

The procedure is very simple, consisting merely in 
separating the gas from the ^pcompanying water, washing 
with water to which permanganate may be added in order to 
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remove sulphuretted hydrogen, etc., drying with^ calcium 
chloride, and finally liquefying by compression. If accom- 
panied by nitrogen or air, concentration may be effected 
by absorption by water under pressure, with subsequent 
disengagement on release of the pressure, the water being 
circulated for further absorption (cf. also the general dis- 
cussion of methods of concentration, p. 263). 

Carbon dioxide may also be extracted from natural 
waters containing the gas in solution by combined evacua- 
tion and steam heating. Although the gas may be obtained 
in this way at low cost, the cost of transport makes other 
methods of production more economical for places at a 
distance from the springs. 

(2) By the Thermal Decomposition of Carbonates. 

— Carbonates, such as calcium carbonate, are fairly easily 
decomposed on moderate heating. Thus, the dissociation 
pressure of calcium carbonate varies with the temperature 
as shown by the following table (Johnson, /., Amer. Chem. 
Soc., 32, (1910), 938) taken from a smoothed curve 

Temperature ®C Ooo C50 700 750 800 850 

^co* (mm. mercury) .. .. 2 8 25 67 170 380 

It will be evident that a comparatively high temperature, 
say about 800° C., is necessary for the rapid expulsion of 
the carbon dioxide unless means are provided for main- 
taining a low carbon dioxide pressure. This is most readily 
effected by a current of steam, as e.g. in the process of 
Grouven (D.R.P. 26248/83), accor^iing to which limestone 
is heated to modarate redness in the ujfper portion of vertical 
retorts of about 10 in. diameter, in a current of steam 
admitted at the lower ends of the Retorts. The steam is 
subsequently removed by condensation. On similar lines 
are the patents of Thom and Pryor (B.P.s 20102/08 and 
24332/08). Superheated steam is employed, arrangements 
being provided! for reedperation of heat; precautions are 
taken against ingress of air. Instead of limestone may be 
used dolomite or magnesite, which have the advantage of 
suffering decomposition at cpnsideraWy lower temperatures. 
It has been proposed by Westman (B.P. 10705/00) to effect 
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the decqmposition of limestone by circulating a mixture of 
steam and carbon dioxide through a heater and then thrcugh 
a shaft containing the limestone, coohng by injection of 
water, returning to the pump and so forth. 

(3) By the Action of Acids on Carbonates.— Carbon 
dioxide is still prepared by the action of dilute hydrochloric 
or sulphuric acid on carbonates, such as limestone (whiting), 
marble, magnesite, etc., c.g. for such purposes as the manu- 
facture of artificial mineral waters. Magnesite is often 
employed in Germam^ the resulting solution being worked 
up for magnesium sulphate. A generator for the pro- 
duction of carbon dioxide in this way consists of a 
lead-lined cast-iron or copper vessel fitted with stirring 
gear, acid supply tank, safety valve, etc. Sulphuric acid 
is usually employe*d in preference to hydrochloric, as not 
giving rise* to volatile impurities, but has the disadvant^e 
of yielding an insoluble sludge with calcium carbonate. 
In both cases it is important that the acid should be 
free frcjpi arsenic. Marble often contains organic matter. 
Sodium bicarbonate is sometimes employed, giving a very 
pure but very expensive gas. Lead is always liable to 
be present and the use of such generators has been largely 
superseded by the cheap and pure liquid carbon dioxide. 
If desired the apparatus may be adapted to pjoduce the 
carbon dioxide imder tlie pressure required for the saturation 
of the mineral waters, by the employment of an acid reservoir 
the top of whic^h is connected to the gas exit of the generator. 
The gas* leaving the generator is freed from acid spray by 
scrubbing with water, which may be distributed on lumps 
of marble or limestone. Organic compounds and sulphur- 
etted hydrogen may be removed by^ washing with per- 
manganate solution, while complete elimination of acid 
spray is sometimes ensured by wasning with sodium bicar- 
bonate solution. When the gas is being* generated ^\rith 
sulphuric acid, permanganate may be added directly to the 
generator. 

In order to avoid the use of sulphuric acid, proposals have 
been made by Macke; and Carrol (B.P. 109511/16) to treat 
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caldtun carbonate with a solution of nitre cake (the NaHS04 
andcNa2S04 mixture resulting as a waste produc? in the 
manufacture of nitric acid from Chile saltpetre), use being 
made of the mixture of calcium and sodium sulphates 
produced, for glass manufacture, etc. 

A cychc process has been proposed by Howard (D.R.P. 
132623/00) in the production of bisulphite by the action of 
sulphur dioxide (burner gases) on sodium sulphite solution, 
half of the resulting bisulphite solution to be used to generate 
carbon dioxide by interaction with hot sodium carbonate 
solution— 

Na2C03 -j- 2NaHS03 = 2Na2S03 ■{” H2O CO2 

The sodium sulphite solution is re-treated with sulphur 
dioxide, half of it being returned to the cycle* while the 
remainder is marketed ; the carbon dioxide is eooled and 
washed with sodium carbonate solution. 

According to Behrens (D.R.P. 305417/17) neutral or 
basic carbonates are decomposed by heating with water 
imder pressure to 150° C. or over. 

(4) Production of Carbon Dioxide as a By-product 
in Fermentation Processes. — Carbon dioxide is produced in 
enormous quantities by alcohoUc fermentation in the manu- 
facture of beer, etc. According to Goosmann, i lb. of carbon 
dioxide results from each 5-6 gallons of wort. As a rule, 
the gas is allowed to escape, but in some cases is collected. 
If the gas be drawn from the vats without access of air 
the treatment is simple and direct compression ‘may be 
performed. If, on the other hand, the carbon dioxide is 
obtained only in the dilute state, concentration must be 
effected h^Sore liquefaction by one or other of the methods 
described below. The carbon dioxide obtained in this way 
has an odour of fusel oil, which is not detrimental if the gas 
is t(Xfcbe vised fos beer railing ; if for other purposes purifica- 
tion by permanganate solution, sulphuric acid, etc., is 
necessary. 

(5) Other Methods for the Production 0! Carbon 
Dioxide.— Among other methods of producing pure carbon 
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dioxide may be mentioned that due to Wallace and Ball (B.P. 
24652/94— cf. also Lane and Pullman, D.R.P. 77150/93). 
In this cyclic process, air is passed first through a retort 
containing coke whereby carbon monoxide is generated, and 
then through a second retort charged with copper oxide. 
Carbon dioxide is thus formed and reachtng again the coke 
retort, each volume produces two volumes of carbon mon 
oxide, which in turn give two volumes of carbon dioxide — 

CO ^ CO2 2CO 2CO2 

one of which is retained in the cycle while the other is 
removed to a gas-holder. Nitrogen is eUminated by passing 
the first portions to waste, or alternatively the apparatus 
may be filled with carbon dioxide at the outset. 

• 

Concen^ation of Carbon Dioxide from Mixtures 
with other Gases 

(i) By means of Water under Pressure.— Reference 
has alr^dy been made under the manufacture of hydrogen, to 
the removal of carbon dioxide : {a) from water gas which has 
been passed over a heated catalyst and contains some 30 % 
carbon dioxide, in the B.A.M.A.G. continuous catalytic pro- 
cess (p. 159) ; {h) from blue water gas containing some 5 % 
carbon dioxide, as a preliminary to fractionatjpn in the 
Linde-Frank-Caro process (p. 172). Although the recovery 
of carbon dioxide is not necessarily carried out, it is easily 
realized on tl^e release^ of the water from the scrubber, 
when most of the carbon dioxide is disengaged, accompanied 
by some sulphuretted hydrogen together with small quanti- 
ties of nitrogen, ^hydrogen, carbon monoxide, etc. The 
utilization of such carbon dioxide foj the production of 
ammonium carbonate, cf. B.P.s of the Badische Co. 23939/14 
and 24042/14, when the hydrogen being produced by the 
continuous catalytic process for the synthetic manufacture 
of ammonia, is interesting, the quantity of carbon dioxide 
being more than sufficient for the saturation of the ammonia 
simultaneously prod*4ced (cf.^ p. 215). Another similar 
process consists in the^preliminary production of ammonium 
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'vCarbonate and conversion into ammonium sulpjjiate by 
intecaction with gypsum, thus avoiding the use of sulphuric 
acid (Badische Co., B.P. 27962/13). 

For other references to this subject cf. “ Purification of 
Hydrogen," p. 207. 

(2) By the Alternate Formation and Decomposition 
of Alkali Bicarbonates in Solution.— Some reference to the 

* use of ammonium hydroxide and of sodium and potassium 
carbonates for this purpose has been made on p. 210. In 
the Claus process {q.v.) ammoniacal liquor is used, carbon 
dioxide being subsequently expelled without noteworthy 
loss of ammonia by heating to about 90"" C. The process 
most generally used, however, is that^ depending on the use 
of sodium or potassium carbonate solutions. In view of 
its greater solubility and consequent greater absorptive 
power, potassium carbonate is usually employt^d in pre- 
ference to the corresponding sodium salt. An important 
consideration in the economics of such a process lies in the 
proper recuperation of the large quantities of heat involved 
in changing the temperature of the liquor passing round the 
cycle. In order to avoid this troublesome point the lye 
may be maintained at constant temperature and the dis- 
sociation controlled by variation of pressure. vSiuce, how- 
ever, the ^exact procedure is largely conditioned by the 
particular method of obtaining the dilute carbon dioxide, 
further details will be given under the different processes. 

(3) By Liquefaction. — According to Leslie,(B.P. 11902/06) 
cf. also Windhai;sen, D.R.P. 45102/8^, carbon dioxide is 
separated from furnace gases by compressing, drying, and 
subsequently cooling the gases to a low .temperature. The 
carbon dioxide separates out in the liquid state while the 
other gases pass out through a heat-interchanger. Reference 
to p. 258 will indicate tile partial pressures of carbon dioxide 
whid'i must be attained Before any liquefaction^'can ensue. 

Production and Concentration of Dilute Carbon 
Dioxide from Products of Combustion.— Attention has 
already been paid, under the panufactrare of nitrogen, to the 
production of a mixture of carbon dioxide and nitrogen free 
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from carbon monoxide, hydrogen and oxygen. For some uses 
further treatment is unnecessary, but when pure carbon 
dioxide is required for purposes of hquef action, etc., a 
process somewhat as follows is adopted, depending on the 
cycUc alkali bicarbonate system proposed by Ozouf in 1865, 
and first applied technically by Luhmann. • 

The starting material is usually coke, which is burnt with 
a mechanical stoker or with other precautions to ensure 
regular combustion with the minimum excess of air, or 
alternatively first gasified in a producer, the resulting air 
producer gas being burnt with a secondary air supply in a 
combustion chamber (cf. Schmalotta, Z. angew. Chem., 
(1900), 1284). In the former case secondary air may be 
admitted behind the bridge of the lire-box to remove any 
hydrogen, carbon fnonoxide, and sulphuretted hydrogen. 
The complete conversion of the last mentioned impurity 
to sulphur dioxide is particularly important since it would 
otherwise accumulate in the potash h’e with deleterious 
effect, J[n cither case the heat of combustion is employed 
for heating a boiler containing potash lye, to which plant we 
shall have occasion to refer presently. Theoretically, with 
just sufficient ox3^gcn for complete combustion, the carbon 
dioxide content of the flue gases should be some 20 % ; 
in practice about 16 % is realized. After passing ^tlirough a 
water scrubber, where dust and sulphur dioxide are removed 
and which may be packed with lumps of hmestone, the 
temperature of^the wasliing water being about 40° C., the 
cleansed* and cooled ' gases enter the absorber which may 
take the form of a coke tower, a suitable capacity of which 
is some 10 ft^./lb. , carbon dioxide/hour according to Goos- 
mann, or of chambers fitted with bafflgs and dashers or of 
such chambers followed b}" a tower. Counter-current 
scrubbing with potassium carbonate; solution, usually con- 
taining aboiit 15-20 grams K2CO3/100 grams solutigri, is 
carried out, the temperature of the liquor being about 
30-40° C. Only about half the carbon dioxide is absorbed, 
the exact ’amount dep<?nding on the efficiency of the absorp- 
ti«i arrangements, the rest passing to waste with the nitrogen 
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atid oxygen. The saturated lye now passes to the boiler 
thfough a heat-interchanger in counter-current to the hot 
lye leaving the same. This boiler, as stated above, is heated, 
to a little above ioo° C., by the combustion from which the 
carbon dioxide results. After giving up its carbon dioxide, 
the hot spent lyef is taken first to the heat-interchanger and 
then throi^h a cooler to the absorber again. The mclst 
carbon dioxide leaving the boiler is cooled by a system of 
coils traversed by water, the condensed moisture being 
returned to the boiler. The heat of condensation of the 
steam may also be utilized for heating up the saturated lye. 

Instead of using potassium carbonate, it is possible to 
operate with a solution of sodium carbonate containing e.g. 
6 grams Na 2 C 03 /ioo grams solution, but the results are 
less favourable. Further, as in the Siirth process {vide 
infra), the variation in the carbon dioxide content of the 
lye may be produced by alteration of pressure at constant 
temperature. It has been found that the addition of froth- 
producing substances, such as soap, is beneficial both as 
regards the absorption and the disengagement of the carbon 
dioxide. According to some systems, producer gas is used, 
part being burnt under the lye boiler and part in a gas 
engine prpviding the necessary power, the carbon dioxide 
from both combustions being utilized. 

Carbon dioxide produced by concentration in this way 
has usually a high degree of purity. 

Siirth System,-— In this instance the exhaust gases from 
an internal combustion engine are used as a lource of 
carbon dioxide, Ihe engine providing the power required 
for the concentration process. Working in this way, the 
combustiqn is under exact controf. Using suction gas 
e,g. of the percentage composition — 


Hydjrogen •. . 

• . I5'0^ 

Carbon monoxide . . 

. . 2yo 

Carbon dioxide 

■■ 5-3 

Methane 

.. . 0-5 

Nitrogen . . * . . 

. . 52-0 
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and diluting with air to, say 30 C.H.U. net calorific value 
per ft .3 (cf! p. 346), the percentage of carbon dioxide in H^e 
water-free product would be some 16%. The sensible heat 
of the exhaust gas is utilized by passage through a boiler in 
which the saturated lye is heated ; the cooled gases, after 
traversing a scrubber, are compressed to about 5 atms. and 
enter the absorber which is fed with potash lye at about 
100° C. As the lye leaves the absorber, its pressure is 
released to atmospheric, and on entering the boiler carbon 
dioxide is disengaged. No heat-interchangers are used, and 
apart from losses, no temperature changes occur in the lye. 
It is stated that a fuel consumption of J to | lb. coke per lb. 
carbon dioxide produced is sufficient. 


Production and Concentration of Dilute Carbon 
Dioxide fro'm Lime^kiln Gases.— This method of manufac- 
ture of dilute carbon dioxide is usually employed in connection 
with the manufacture of sodium carbonate by the “ ammonia- 
soda ” process. For this purpose it is advisable that the 
concentration of carbon dioxide in the gases should not fall 
below 30 %, consequently the kilns are made very large. In 
order to effect fuel economy the kilns are generally internally 
fired by coke mixed with the limestone, usually in the 
proportion of about i ; 7, the carbon dioxide .from the 
combustion being also utilized. In some cases, however, 
the kiln is heated by gas from a separate coke pro&ucer, the 
gas being burnt in the kiln by the admission of secondary air. 
When required for use in the dilute state the gas is freed from 
dust in ^ plate* wash^^r dr in a coke scrubber. The use of 
magnesite results in a higher carbon dioxide concentration 
on account of the lower decomposition temperature of this 
carbonate as compared with limestone. 

In order to effect concentration of the gases, similar arrange- 
ments to those for dealing with products of combustion are 
usually adopt'd. The kiln gases pass through a heat-i^ter- 
changer to a coke scrubber and then to the absorption towers. 
The saturated lye traverses a second fieat-interchanger in 
counter-cilrrent to the^lye leaving the boiler and then passes 
thrpugh the heat interchanger Mentioned above to a boiler in 
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which it is heated ; the spent lye flows back through the ^ 
se;cond heat-interchanger and a cooler to tlie absorber. 

The Production and Transport of Liquid Carbon 
Dioxide. — Before liquefaction, carbon dioxide must be 
dried thoroughly, and this is usually accomplished by passing 
the gas through drying chambers packed with granular 
calcium chloride, either at the ordinary pressure or after 
the first stage of compression. In order to avoid intro- 
duction of moisture in the second or further stages of the 
compression, glycerol may be used for the internal lubrication 
of the pump, being subsequently separated. A balancing 
gas-holder is used before the compressor and should be of 
the annular water-channel t\^pe in order to minimize loss 
of carbon dioxide by solution. 

Liquid carbon dioxide is transported in cylinders which 
may hold about 25 or 66 lbs. On account of ks very high 
coefficient of expansion, great care must be taken in filling 
the cylinders to ensure that the proper charge is not ex- 
ceeded and that the cyhnder shall not be expose/i to the 
sun or hot situations. 

The question of the degree of filling is discussed very 
fully by Stewart (see p. 44), who recommends a filling of 
62 % by weight of the water capacity or 38 8 lbs. carbon 
dioxide per ft.^ of C3^Under space, assuming a maximum 
possible temperature of 49® C. 

The recommendations of the British Parliamentary 
Committee on the Manufacture of Compressed Gas Cylinders 
(1895) are that the maximum charge shall be 47 Ibs./ft.^ for 
this country and!" 417 Ibs./ft.^ for the tropics, while a test 
pressure of 224 atms. is specified. The German railway 
regulation of i kilo./i*34 litres corresponds with the higher 
figure. Absence of air in the cylinders is important since 
each per cent, of air involves an increase in pressure of the 
orde^ of 4-5 atms. at temperatures between 40° and 60"^ C. 

The Production and Transport of Solid Carbon 
Dioxide. — In order to avoid the inconvenience of handling 
and the expense of transport of cylinders, the weight of which 
is of the order of five times ^at of the liquid carbon dioxide 
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itself, the substance is sometimes sent from the works in 
the solid state* for use when consumption is to be more or less 
immediate and the distance of transport is relatively small. 
The carbon dioxide snow is compressed in wooden moulds. 

Applications of Carbon Dioxide 

(a) In the Solvay Ammonia-soda and the Claus- 

Chance Sulphur Recovery Processes.— One of the most 
important applications of carbon dioxide is in connection with 
the manufacture of sodium carbonate, both by the old Leblanc 
process and by the newer ammonia-soda Solvay process. 
We will deal first with the latter process. The dilute carbon 
dioxide gases, from special kilns and containing some 30 % 
carbon dioxide, aje used without concentration. The 
process consists in the double decomposition of sodium 
chloride and ammonium bicarbonate with the production 
of ammonium chloride and sodium bicarbonate. Ammonia 
is first passed into saturated brine and the solution then 
saturated with carbon dioxide in a tower or other absorber 
at a temperature of 25-30® C. With the high towers 
which are often employed, the hydrostatic head of brine 
may cause a pressure of some 2 atms. on the gases entering 
at the bottom. Conditions are so adj usted that the*sparingly 
soluble sodium bicarbonate separates out ; the ammonia is 
recovered from the solution by boiling with lime. The 
bicarbonate is decomposed by calcination, the gases, 
containing in practice tome 50 % carbon dioxide, being 
collected and returned to the cycle. • 

The Claus-Chance process has been used to some extent 
in connection with the •Leblanc process and consists in the 
recovery of the sulphur from the “ v<it waste ' (mostly 
calcium sulphide) by treatment while suspended in water 
with gases coi^aining carbon dioxide^ when calcium carbonate 
and sulphuretted hydrogen result. * ^ 

(b) In the Manufacture of Artificial Mineral Waters. 

* Solid carbon dioxide is conveniently prepared in the laboratory by 
tilting a cylinder so that the valve delivers liquid, binding a canvas bag 
oveinhe aperture and releasing the liquid, preferably in a series of jerks. 
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—In this important application of carbon dioxide the pure 
g^s is required, and, for reasons to which referent has been 
made, liquid carbon dioxide is now usually employed in 
preference to the gas generated by the action of acids on 
carbonates. The gas is generally taken from a gas-holder 
and forced by a pump into a saturator vessel of gun metal 
lined with tin, into which water is also pumped at the same 
time. 

Any required additions such as sodium carbonate, 
syrups, etc., are made to the individual bottles which are 
then filled with the water saturated with carbon dioxide at 
the prescribed pressure, means being provided for the 
escape of air. Complete expulsion of air is important since 
its presence causes the mineral waters to become flat ” 
rapidly on opening. According to‘ Mitchell (Thorpe's 
** Dictionary of Applied Chemistry," 1912)* the actual 
pressure in unsweetened mineral water bottles is usually 
45-55 lbs./in .2 corresponding to a bottling pressure of 
120 lbs./in, 2 . In the case of lemonade and thCcUke the 
water is saturated at only about 60-80 lbs./in.2. Soda 
water siphons are bottled at a pressure of 150 lbs. /in. 2. 

(c) In Refrigeration Plant.— Carbon dioxide is exten- 
sively used in refrigeration plant, especially on board ship ; 
the chief advantages in comparison with ammonia, which 
gives a somewhat more efficient cycle for normal refrigeration 
temperatures, are the small dimensions of the compressor, 
the relative absence of danger and nuisance from leakages, 
the use of copper tubing and the smaller cost of the carbon 
dioxide. Carbon dioxide plants are capable of working 
efficiently to a lower temperature th^n ammonia plants. 
The smell sized compressors are generally constructed of 
bronze. In view of the high working pressure, the glands 
on the cylinders are usually sealed with oil maintained at a 
pressure slightjy highenthan that of the gas; leakage being 
thus entirely eliminated at these points. 

(d) Other Applications of Carbon Dioxide.— Among 
the many uses of carbon dioxide ^may be mentioned the 

followincr. 
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The use of carbon dioxide for the compression of fluid steel 
in the ingbt moulds was introduced by Messrs. Krupp, tjie 
hquid carbon dioxide serving as a convenient means of 
generating enormous pressures. 

Experiments have been carried out recently (cf. J, Soc. 
Chem. Ind., (1918), 224 R) on the use of cr>rbon dioxide for 
the destruction of pests in grain by forcing the gas into the 
air-tight silos in which the grain is stored ; some 14 ft.^ of 
carbon dioxide are sufficient for the submersion of i ton of 
grain. According to Dendy (Nature, 103 , (1919), 55) air con- 
taining 20 % carbon dioxide is more effective than pure 
carbon dioxide, the spontaneous accumulation of carbon 
dioxide in an air-tight silo being sufficient. 

Carbon dioxide is ehiployed for fire extinction, usually 
in the form bf an aqueous solution produced when required 
by the actign of sulphuric acid on an excess of sodium 
carbonate solution in a special generator. 

Liquid carbon dioxide has been appHed as a source of 
motive power for torpedoes and the like ; for operating 
pneumatic railway signals in outlying districts, thus avoiding 
the transmission of compressed air over long distances ; for 
refloating sunken ships, etc. Liquid carbon dioxide is also 
used extensively for carbonating, clarifying and raisii^ 
beer. In the raising operation, the cylinder is fitted with a 
reducing valve, the low pressure side being connected to 
the barrel, keeping the beer saturated with carbon dioxide 
in addition to avoiding the necessity for pumping. Other 
applicaticftis are'the pjot?cting of wines from moulds ; the 
synthetic production of saUcylic acid froA phenol (Chem, 
Trade ]., 62 , (1918), 337) ; the manufacture of white 
lead; the decompo'sitibn of calcium or strontiujn sugar 
compounds in sugar refining ; the pre*cipitation of pure 
alumina from sodium aluminate soljitions produced from 
bauxite or cryoHte, pure alumina Joeing prf cipitart:ed ^d 
sodium carbonate remaining in solution ; the manufacture 
of bread ; the production of carbonates, etc. 

An int^esting application of carbon dioxide is in the 
pro(Juctiou of formates by inteihction with hydrogen in the 
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' pre^nce of a catalyst (cf. Bredig and Carter, B.P. 801/15,' 
also Ber„ 47 , (1914). 54 i ; ZeiL, 89 , (1915), 72). 

According to these authors potassium formate may be 
produced by vigorous agitation of a 5 % aqueous solution of 
potassium bicarbonate containing some 075 % by weight 
of platinum black, with hydrogen at a pressure of 60 atms. 
and at a temperature of 70° C. For the apparatus used in the 
early investigations see Stuckert and Enderli, Z. Elektrochem., 
19 , (1913), 570. Under these conditions a 20 % yield of 
formate is obtained. The same effect is produced by 
treating a solution of borax with carbon dioxide and hydrogen 
simultaneously or, alternatively, calcium carbonate may be 
treated with hydrogen in the presence of platinum black 
with the production of calcium lormate. B.P. 9762/15 
relates to the production of the free acid by the interaction 
of water, hydrogen and carbon dioxide. A ^similar com- 
bination may be induced by the action of sodium amalgam 
on an aqueous solution of carbon dioxide (cf. Waygouny, 
J. Soc. Chem. Ind., {1916), 736 ; Kolbe and Schmidt, Liebig's 
Annalen, 119 , (1861), 251). 

Carbon dioxide has some antiseptic properties and is 
used for the sterilization of milk and organic liquids. It is 
used therapeutically for baths either in presence or absence 
of water vapour, its action being to induce perspiration ; 
also in aqueous solution. The gas is used for the destruction 
of vermin, such as rats, etc. On mixing carbon dioxide 
to the extent of 5-8 % with acetylene, the smoky character 
of the flame is lessened. ' „ 

Estimation‘and Testing of Carbon Dioxide.— Carbon* 
dioxide is perhaps the easiest of all gases.lo estimate. When 
present ^n small quantities it is readily recognized by its 
action on hme-water or baryta solution. It is usually 
estimated by absorp^on in caustic soda solution. In very 
sn^U ataount^ e.g. as in the air, it may be. determined by 
passing through excess standard baryta solution and titrating 
back with oxalic' acid, using phenolphthalein as indicator. 
One of the chief needs for estimating carbon dioxide is in 
connection with flue gase^, and many forms of automatic 
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» apparatus depending both on absorption with caustic soda 
and also ^n physical methods (cf. p. 33) have been deviled 
for this purpose. >Space will not permit of a full description 
of these methods here, but reference may be made to lyUnge's 
" Technical Gas Analysis,” 1914. 

Commercial liquid carbon dioxide is eicamined by with- 
drawing a sample of gas from the inverted bottle. The 
content of permanent gases (air, carbon monoxide, etc.) is 
found by absorption of the carbon dioxide by alkali. An 
approximate estimate of the air content of a cylinder may 
be obtained by determining the air contents of the first and 
last portions of the gas delivered from the upright cyhnder 
(lyunge, loc. cit.). According to Werder [Chem. Zeit., (1906), 
1021) the absence of cmpyreumatic substances may be 
judged by •the smeil and taste ; at least 98 % of the gas 
should be aJ)sorbed by alkali ; the carbon monoxide content 
should not exceed 0*5 % ; the gas should be free from sulphur 
dioxide and oxides of nitrogen, and should not decolorize 
potassium permanganate solution or give a precipitate with 
silver nllrate solution. 
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Section X.— SULPHUR DIOXIDE 


Properties of Sulphur Dioxide. — Sulphur dioxide is a 
colourless gas with a very characteristic and pungent odour. 
It occurs in volcanic gases and in very small traces in town 
air, being chiefly derived from the iron pyrites present in 
coal. The chief physical properties of this easily liquefiable 
gas will be found in Tables 12 and i J pp. 53“6. 

Sulphur dioxide dissolves in water to a considerable 
extent with evolution of heat, the solubility amounting to 
47*3 volumes of gas measured at N.T.P., at 15° C. and 
I atm. pressure, including water vapour, equivalent to I 2 ‘i 6 % 
by weight. Other values are given in the following table 

c 

Temperature ®C o 10 15 20 30 40 , 

C.c. of gas (measured at N.T.P.)j 

dissolved by i c.c. of water I ygS 56* 6 4 7- 3 39*4 2 7 2 i8-8 

under a pressure of i atm. in- j 
elusive of water vapour j 

Solid hydrates are formed with water under suitable 
conditions, 9-15 molecules of water being linked up. The 
aqueous solutions decompose very slowly at the ordinary 
temperature with the final production of sulphur and sul- 
phuric acid, the action being rapfid ^ seared tubes above 
160° C. (Jungflfeisch and Brunei, Comptes Rend., 166 , 
{1913), 1719). The gas is soluble to a considerable extent 
in sulphyric acid, one volume of which dissolves about 58 
volumes of sulphur dioxide at ordinary temperatures ; it 
is also dissolved by mijaeral oils, the solutions, if dry, having 
no ^oh on rqetals. «< . 

According to von Wartenberg (Z. anorg. Chem., 56 , 
' (1908). 320) sulphur dioxide undergoes no appreciable 
■ dissodatiou at 2200° absolute ; cf. also Ferguson, J. Amer. 
. Chem. Soc., 41 , (1919), 69-' A sl^t decomposition 1^8 
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• place at the ordinary temperature Imder the influence of 
light, sulfur and sulphur trioxide being produced. „ 

The most characteristic chemical property of sulphur 
dioxide is its action as a reducing agent, itself suffering 
oxidation to sulphuric acid ; thus potassium dichromate is 
reduced to chromic sulphate. In some cases, however, it 
behaves as an oxidizing agent, thus Smythe and Wardlaw 
(/. Soc. Chem. Ind,, (1915), 797) fomid that titanium 
trichloride and stannous chloride were oxidized by sulphur 
dioxide in warm, strongly acid solution ; the intermediate 
formation of thionyl chloride is suggested as an explanation. 

Sulphur dioxide has an irritating action on the mucous 
membrane ; accordinj^ to the Selby Smelter Commission 
(U.S. Bureau of Mines, Bull. No. 98), 0*0005% sulphur dioxide 
can be detected b>^ smell, wliile 0*05 % is practically im- 
endurable. • A concentration greater than 0*003 % is 
injurious to vegetation (Lunge). 

When dry, sulphur dioxide has no action on iron even at 
100® C.,^but in the presence of moisture a slight action is 
observed (cf. Lange, Z. angcw. Chem,, 12 , (1899), ^75, 303, 
595). As liquid sulphur dioxide cannot contain more than 
about I % moisture at the ordinary temperature, the action 
is sUght, but in sulphur dioxide refrigeration plants, where 
a considerable temperature rise occurs in the compre^ion, the 
action becomes of importance. Liquid sulphur dioxide is 
miscible in all proportions with sulphuric anhydride, but 
immiscible with^sulphuric acid. 

Sulphtir dioxide may be obtained in the soHd state by 
evaporation of the liquid under reduced pressure. 

• 

ManufActore of Sulphur Dioxide 

t. 

General.— The manufacture of sulpliur dioxide in the 
pure state is, in most cases, a question of concentration of 
the more or dess dilute gases obtained in, variohs \j^ys. 
Although the only process which appears to be in use at 
the present time is that of Hanisch andS^oder (see below), 
it will be ^ell to consi^r briefly some other methods whidi 
havf been worked or proposed. One of the earliest used 
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was the Melsens-Pictet method, depending on the action of 
concentrated sulphuric acid when dropped in^o molten 
sulphur at a temperature of 400° C. This process was 
used certain French firms. The moist sulphur dioxide 
was compressed and cooled to about —10° C. when the gas 
liquefied ; any wtter present served to produce hydrates, 
sii&ciently stable to allow of all the sulphur dioxide being 
subsequently pumped off (D.R.P. 22365/82). One dis- 
advantage of this method of generating sulphur dioxide is 
the action of the sulphur on the iron retort, and an improve- 
ment consists in employing boihng sulphuric acid in a cast- 
iron retort with molten sulphur floating on the top. In- 
stead of sulphur, carbon has been used with 91 % acid; 
in this case carbon dioxide and carbon monoxide are 
simultaneously produced (D.R.P. 196371/08). In B.P. 
1427/83 Ramsay proposes the concentration • of sulphur 
dioxide by absorption from the weak gases with sodium 
sulphite, sodium hydrogen sulphite being produced, which 
on heating gives off pure sulphur dioxide. According to 
Hart (B.P. 13950/85) sulphur dioxide is produced by the 
action of sulphuric acid (S.G. 175) on finely divided iron 
sulphide at 200"* C. The Hanisch and Schroder process 
(patents »B.P.s 2621/83, 6404/85 and 6405/85 ; D.R.P. 
36721/86 and 52025/90) relates* to the absorption of sulphur 
dioxide from burner gases by cold water and subsequent 
expulsion by heat ; cf. also Basset, B.P. 20667/13. 
Bergmann and Berliner (D.R.P. 160940/02) propose to realize 
the same objective by the alternate formation of Ca(HS03)2 
and Ca(H2P04)2 t)y the action of sulphur dioxide on CaHP04 
and subsequent reversal of the reaction |^y heating to 100° C. 
Moulin aflid Vandoni (F.P. 432431/10) prescribe the isolation 
of sulphur dioxide by compression to 30 atms. of gases 
containing 10-12 % of sulphur dioxide followed by cooling to 
0® by bieans.of the cold produced by the expansion of the 
residual gases in a heat-interchanger. Moore and Wolf, in 
U.S.P. 1091689/14,* advocate absorption in calcium chloride 
solution at 0° C. and subsequent Release by evacuation. 
Similarly, U.S.P. 1145579/15* of Garner and Metals Resegrch 
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Co., relates to the sorption of the gas in charcoal and B.P, 
107589/17 (Kaltenbach) to the use of alcohol for the same 
purpose. 

It has been stated above that the only process in use on 
any important scale for the manufacture* of liquid sulphur 
dioxide is the Hanisch and Schroder jfVocess, which uses 
dilute burner gases as a source of sulphur dioxide ; some 
account will therefore be given of the possible ways of 
producing such gases as opposed to practically pure or 
highly concentrated sulphur dioxide. 

Production of Dilute Sulphur Dioxide 

The production ol sulphur dioxide in a dilute state is 
undertafc^i on a yery large scale in connection with the 
manufacture of sulphuric acid and sulphuric anh3"dride from 
iron pyrites, from elementary sulphur or from zinc blende, 
and would require more space for an adequate description 
than can be allotted in the present volume. Reference should 
therefofe be made to special treatises on this subject. It 
will, however, be desirable to mention briefly some of the 
more important patents from the point of view of the present 
problem. 

According to theor3% the combustion of sulphur, using 
the minimum quantity of air, should give rise to a gas 
containing 21 % sulphur dioxide, but even when elementary 
sulphur is used, 7-15 % represents the values realized in 
practice# If less air is used there is a tendency for the 
sulphur to sublime as such. With pyrites the concentration 
is smaller. 

Dilute sulphur dioxide may be produced in a variety of 
ways, e.g. by melting zinc blende with ainc sulphate (Pemell, 
D.R.P. ; by the combustion of sulphuretted hydro- 

gen (Perneli and Simpson, B.P.^ 14711/86) ; by roasting 
galena with calcium carbonate (Huntingddn and EbErlein, 
B.P. 8064/96) ; from ** spent oxide,” and as a by-product 
from various manufacturing operations, e.g. cement manu- 
facture (Basset, B.P. 12027/12). The use of zinc blende is 
diScussed by Hutin (Moniteur Scient., 7 , (1Q17), 25) I the 
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residue is more valuable than in the case of iron pjrites, but 
the operations are more troublesome. The gases from 
pyrites burners usually contain small amounts of sulphur 
trioxide formed by the catalytic action of the burnt pyrites. 
A mixture of sulphur dioxide and oxygen was formerly 
prepared for the Manufacture of sulphur trioxide by dropping 
sulphuric acid into incandescent retorts. 

Concentration of Dilute Sulphur Dioxide 

The Hanisch and Schroder Process. — This process was 
first taken up in 1885, an experimental factory being erected 
by Grillo in Germany, making 12 cwt./diem of liquid sulphur 
dioxide from gases containing 6 % • sulphur dioxide. In 
1886, a plant turning out 6 tons/diem, woi;king on zinc blende, 
was operated in Silesia. According to Mohnari a factory 
should have a minimum output of 8--10 tons/diem for 
economical working. The usual method of operating the 
process is as follows : Gases from pyrites burners of con- 
centration about 6 % sulphur dioxide (not below 4«%) are 
passed through a dust-retaining chamber, then cooled 
thoroughly and passed to the water absorption towers. 
Two towers packed with coke and plates are often employed, 
arranged in series with counter-current circulation of the 
water. The sulphur dioxide content of the issuing gases is 
reduced to at least 0*05 %, while the water leaving the first 
tower contains about i % sulphur dioxide. In order to 
effect the removal of the sulphur fdioxide from tjiis weak 
solution with the greatest economy of heat, the said solution 
is passed first through a leaden heat-interchanger in counter- 
current to the mixture of steam and sulpBur dioxide leaving 
the top 6f the decaturation tower. Leaving this inter- 
changer at a temperature of about 85° C., the liquid traverses 
a coil inynersed in the heated liquid in the sump of the 
desattiration to\^er, beii^ further heated, and is then sprayed 
in at the top of this tower, which, according to D.R.P. 
52025/90, contains a series of inclined baffles, st^am being 
, injected near the bottom. TJhe liquid flowing out is practi- 
cally free from sulphur dioxide while the mixture of sulpllur 
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dioxide and steam passes, as explained above, to the heat- 
interchanger and then to a cooler, the condensed water, 
containing sulphur dioxide, from both being returned to 
the middle of the desaturation tower. 

A variation is described in D.R.P. 36721/86, according 
to which the mixture of sulphur dioxide and steam evolved 
on boiling the dilute liquor, in leaden pans heated by the 
burner gases, is passed up a tower in counter-current to a 
stream of cold water. The excess steam serves to heat the 
cold water practically to boiling point ; the hot water passes to 
a heat-interchanger in counter-current to the liquid entering 
the boiling-out pans, while the sulphur dioxide leaves at the top, 
practically dry. In both cases, final drying of the sulphur 
dioxide is effected by passage up a coke tower, down which con- 
centrated sulphuric* acid flows, the re-concentration of the sul- 
phuric acid being accomplished by the waste heat from the 
py ritesbumers. The dry sulphur dioxide then passes to a single- 
stage bronze pump, where it is compressed to 2|-3 at ms. which 
suffice^ after cooling, to produce liquefaction ; an oil-sealed 
gas-holder, or other equilibrator, is employed. The liquid 
sulphur dioxide collects in a large wrought-iron receiver fitted 
wi^ a relief valve for the nitrogen and oxygen present, which 
are led back to the absorption tower. The liquid sulphur 
dioxide produced in this way has often a purity of 99*8 %. 

The preparation of aqueous solutions of sulphur dioxide 
demands no precautions except that it is necessary to cool 
both the gas and the water. 

Tra^port of Liquid Sulphur Dioxide.— Sulphur di- 
oxide is put on the market in glass siphons for laboratory 
use in steel cylinders holding from 12 oz. to 2 cwt., or, in 
Germany, in tank waggons holding as^much as 10 tons of 
sulphur dioxide, some such waggons having 3 cylinders about 
23 ft. long and 2 ft. 3 in. diametfer. Cylinders are fitted 
with bent tubes connected to the inlet valves to deliver 
either liquid or gas according to the position of the cylinder. 
These tubes also serve to indicate the correct degree of 
filling of the cylinder', when^the cylinder is erect and the 
valve opened, no liquid should be ejected. 
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' ^According to German regulations, the cylinders ai^ 
iesfed to 30 atmospheres and the maximum degree of filling 
is I kilo, per o*8 litres, i,e. 78 Ibs./ft.* or according to Italian 
regulations, i kilo, per litre, i,e. 62*5 Ibs./ft.* In this country 
no specific regulations appear to exist, but the practice of a 
prominent firm manufacturing sulphur dioxide is to adopt 
a maximum filling of about 70 lbs. sulphur dioxide per ft.*, 
the cylinders being annealed and re-tested (to 30 atms.) at 
least once a year. 

Applications of Sulphur Dioxide 

The various applications of sulphur dioxide may, for the 
sake of convenience, be discussed under the following 
headings 

(1) Manufacture of Sulphuric Acid', Sulphuric Anhy- 
dride and Sodium Sulphate.~It is unnecessary here to do 
more than mention the use, on an enormous scale, of sulphur 
dioxide in the manufacture of sulphuric acid by the chamber 
process and of sulphur trioxide by the “ contact pfocess," 
a mixture of sulphur dioxide and air being passed over 
heated finely-divided platinum supported on magnesium 
sulphate or asbestos, or over iron oxide. Sulphur dioxide 
is also used in the manufacture of salt cake (sodium sulphate) 
by the Hargreaves process, whkh depends on the action of 
a mixture of sulphur dioxide, steam and air on sodium 
chloride at 400-540® C., sodium sulphate and hydrocliloric 
add resulting, 

(2) Manufacture of Wood Pulpi— Sulphur dioxide is 
largely used in the preparation of wood pulp for paper 
manufacture, by the bisulphite procejc; liquid sulphur 
dioxide was formerly used to a great* extent in the prepara- 
tion of the hquor anci for bringing up to strength, but now 
pyrites gases are mostly used. 

The process consists in boiling fir or pine itr small pieces 
with caldum bisulphite solution containing excess sulphur 
dioxide under a pfessure of 50-80 lbs./in.2 until all the 
incrusting matter is dissolved, and^ then mechanically 
separating the adlulose from the residue by washing and , 



Deatmg. xne spent lyes contain sugars whicb may be 
fermentei with the production of alcohol, it being stated 
that some 4000 tons of alcohol are produced annually in 
" Sweden in this way. After the bleaching of the pulp, sulphur 
dioxide is again used for the removal of the last traces of 
chlorine. It is important that the sulphur dioxide used should 
be quite free from sulphur trioxide and some manufacturers 
use brimstone in preference to pyrites on this account ; the 
former procedure has the further advantage of furnishing a 
stronger gas. To free from sulphur trioxide it is necessary 
to wash the gases with water. 

In the manufacture of bisulphite the well-cooled bumei 
gases are brought into contact with lime or magnesium lime 
Various systems are used for effecting this operatioi 
(cf. Williams, J. *Soc. Chcm. Ind., (1913), 457) — (i) th< 
gases are injected at the bottom of vessels through whicl 
a slow stream of milk of lime flows ; (2) the milk of lime v, 
fed into the upper of two closed tanks fitted with stirring 
gear, wjiile the sulphur dioxide gases are led into the lowe 
tank and flow to the upper one, being assisted by the reducec 
pressure produced by a pump attached to the latter — whei 
the lower tank is saturated with sulphur dioxide its chargi 
of liquid is lun off and replaced by that from the •upper on 
which is filled up with fresh milk of lime ; and (3) one or mon 
towers constructed, e.g. of reinforced concrete, and from 6o- 
100 ft. high, arc filled with limestone and water is sprayei 
in at the top while the sulphur dioxide gases are admitte< 
at the bottom — if two towers are used, counter-curren 
working is adopted. The third system has the advantage 0 
using unburnt lintestone and of requiring less pressure t 
effect the passage of the gases. ^ 

In each case the liquor passes to storage tanks and 1 
enriched by the gases evolved in thd digestion of the wood 
The following is a typical exampfe of the percentage^cora 
position of such a liquor : — 

Cqjcium oxide 0*98 

Free sulphur dioxide 2*65 

Combined sulphur dioxide , . . . 1*15 
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(3) In Refrigeration Plant.— Sulphur dioxide is used to 
a considerable extent in refrigeration plant, altfiough, of 
course, it is much less convenient for general purposes than 
the commonly employed ammonia. The use of sulphur 
dioxide for this purpose was originally developed by Pictet, 
its chief advantages over other substances, such as ammonia, 
lie in its non-injurious action on food, etc., if escape should 
occur, its low working pressure and its applicability to 
conditions where no cooUng water is available. On the 
other hand, a considerably larger compressor capacity is 
required than is the case with ammonia, for example ; 
sulphur dioxide plants are only used for relatively small 
installations. Reference has already been made to the action 
on iron of moist sulphur dioxide when warm; in this 
connection it is important to avoid, as lar as possible, the 
presence of air in sulphur dioxide systems as formation of 
sulphuric acid may occur and set up corrosion. Although 
iron is protected to some extent by an insoluble coating, 
bronze is often used for the compressors. Sulphur .dioxide 
has some lubricating properties and consequently the use 
of oil is unnecessary. 

(4) As a Solvent.— In spite of the relative difficulty of 

handling a hquid with a high vapour pressure at ordinary 
temperatures, for such purpoks, liquid sulphur dioxide 
is used in certain extraction operations, the principal appli- 
cation being in the extraction of bones in the manufacture 
of glue. In the extraction of the fat, sulphur dioxide has 
the advantage over other solvents of greater penetration of 
the animal membranes. After this operation is completed, 
calcium phosphate is extracted by ay* aqueous sulphur 
dioxide solution. S^phur dioxide has been proposed as a 
substitute for the iiiflammable carbon disulphide or benzol 
in oil extraction, but noTimportant technical progress appears 
to ha^^e been made in thiS direction. • 

(5) For Bleaching Purposes.— Sulphur dioxide is used 
to a considerable extent as a bleaching agent for delicate 
fabrics, etc., which would be injured t>y the action of more 
drastic agents, such as chlorine. The bleaching action«o{ , 
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sulphur (JJoxide, unlike that of most other scents, depends 
not on oxidation but on reduction, resulting in the formation 
of colourless leuco-compounds, and in being reversible, 
e.g. by the action of light. The gas is more effective than the 
solution, but its action is favoured by damping. 

Among substances bleached by sulphflr dioxide may be 
mentioned wool, silk, straw, cereals (action injurious), 
oils and their fatty acids (cf. Hird and Lloyd, /. Soc. 
Chem. Ind., (1912), 317). 

(6) As a Disinfectant.— Sulphur dioxide has strong 
germicidal properties and is used for the disinfection of 
rooms (by combustion of sulphur or, more conveniently, in 
the form of liquid), rd beer and wine manufacture, for the 
preservatic^i of frmt, meat, syrups, etc., in ships for rapid 
disinfection and for the destruction of rats. 

It is alsd used for the interruption of fermentationin wine, 
etc., and in the treatment of cutaneous diseases. 

( 7 ) Other Applications.— Among other appHcations of 

sulphur dioxide may be cited its use as an “ antichlor,” 
already referred to in the case of wood pulp, ix, the removal 
of the last traces of chlorine from bleached material ; the 
refining of crude petroleum ; the softening of hides in tanning ; 
the extraction of alum from shale, and in sugar manufacture, 
where sulphur dioxide is passed through the juices after, 
and sometimes before, their treatment with lime which is 
converted into the difficultly soluble calcium sulphite, the 
juice bqjng bl«;ached Sii the same time. Sulphur dioxide 
has only a slight inverting action on sucrq^. In admixture 
with carbon dioxide, sulphur dioxide is used for fire ex- 
tinction, in the manufacture of tartaric acid, etc. The use 
of sulphur dioxide has been proposed for improving the 
efl&dency of engines by utilizing the heat of the exhaust 
steam. ^ * 

The Estimation and Testing of Sulphur Dioxide*—* 
Sulphur dioxide is readily detected by it^characteristic odour 
or by its^ reducing action on potassium dichromate paper, 
etc., and may be conveniently estimated by titration with 
sttndard iodine solution. 
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According to Haller (/. Soc, Chem. Ind., (iQjo). 52 T) 
dilntc sulphur dioxide is best estimated b}' absorbing in 
caustic soda solution, and. after acidifying strongly with 
hydrocliloric acid, titrating with ])otassium iodatc. vSponta- 
neous oxidation of the sodium sul])hite to sulphate is ])re- 
vented by the addition of a negative catalyst, gKx'erol, 
to the caustic soda solution. On titration of an aqivous 
solution of sulphur dioxide with a strong alkali, such as 
caustic soda, methyl orange gives the point of conversion 
of the caustic soda into sodium h>'drogen sulpliite. 

Liquid sulphur dioxide is tested for water by with- 
drawing a sample of the liquid under pressure and evapora- 
ting through tared calcium chloride tubes. Sulphuric add 
and lubricating oil are determined in the residue. Arsenic 
also may be looked for when the sulphur dioxide is to be 
used in connection with food-stuffs. Carbon dioxide and 
air may be estimated by bubbling a considerable quantity 
of the gas through chromic acid solution and examining any 
gas passing through (cf. Lunge, “Technical Gas Analysis/' 
1914, p. 361). 
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Section XI.— NI'l’ROUS OXIDE 

• 

Properties of Nitrous Oxide. — Nitrous oxide is a colour- 
less gas wit .lint but characteristic odour resembling 
that of burnt sugar. It is readily soluble in cold water as 
below : — 


Temperature ®C 

i 

5 1 

15 

25 

Cc. of gas (measured at N.T.P.) dissolved by i 
C.C. of water under a pressure of i atm., 
exclusive ot water vapour 

00 

0 

07378 

0*5443 

• • 

1 





The gai is found on the market in the form of liquid, 
the vapour pressure varying with temperature as follows : — 


Temperature *C. 


i 

0 

[ 

10 

20 

30 

40 

Vapour pressure in atms. 

/Regnault (1862) 
\Villard (1897) 

36'! 

30*8 

44*8 

55*3 

40*4 

680 

834 


Liquid nitrous oxide is very mobile and is jcolourless. 
The other important physical properties will be found in 
Tables 12 and 13, on pp. 53-56. 

Nitrous oxide is an endothermic compound — 

2N2 + O2 = 2N2O — 38,000 calories. 

• • • 

It is, coiisequentiy, in a metastable^ condition at the 
ordinary temperature. According to Hunter (Z. physik. 
Chem,, 58 , (1905), *441] nitrous oxide is decomposed at 700- 
900® C. into its elements with the formation of small quanti- 
ties of higher oxides, especially at the higher temperatures ; 
moisture was found to have little influence. A rough 
calculation df the equilibrium constant, according the 
Nemst Heat Theorem, for a temperature of 2000° C. — 


38,000 

'4-571 X 2273 ■ 


• f75 log 2273 - 1-4 = log 





286 


imUSTRIAL GASES 


indicates that at atmospheric pressure the equilibrium * 
condition corresponds to 0*00013 % of nitrous oxide. Even 
under the more favourable conditions of a pressure of 1000 
atmospheres and the same temperature the equilibrium per- 
centage is only raised to about 0*004 %. 

It was observed by Wroczynski (1910) that no decom- 
position occurred at 420° C. under a pressure of 600 atmo- 
spheres. 

Nitrous oxide is an energetic supporter of combustion 
of e.g. carbon or sulphur, provided that a sufficiently high 
temperature for the initiation be first produced. It forms 
an explosive mixture with hydrogen while a mixture with 
carbon disulphide burns with a very actinic blue flame. 

Its use as an anaesthetic was first suggested by Humphrey 
Davy in 1800; in small amount it produces 'a kind of 
intoxication, hence the name “ laughing gas." 

Manufacture 

From Ammonium Nitrate.— Nitrous oxide ^pay be 
produced from other nitrogen compounds in a variety of 
w^ays, e.g, by the reduction of nitric acid with a mixture of 
hydrochloric acid and stannous chloride (Campari) and by 
the reduction of nitrites with sulphur dioxide, sodium 
amalgam, etc., but the only method of any practical im- 
portance is that depending on the decomposition of ammonium 
nitrate by heating— 

NH4NO3 =1^20 +2H2O -fi 25,000 calories, 

I 

The decomposition begins at 170^ C. and is fairly 
energetic at 215° C. It is important tl^at the ammonium 
nitrate should be pure, especially as regards chlorine com- 
pounds, and great c^tre must be taken not to overheat as the 
decomposition may become explosively violent. 

A description is giver by Flagg ("Art of .Anaesthesia," 
1916)' of a plant at the Lakeside Hospital, Cleveland. 
Ammonium nitrate/ in charges of 40 lbs., is heated in one of 
two aluminium retorts to 200® C. and the resulting gases 
p£^d through a cooling coil to a wash bottle containmg 
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potassium permanganate solution in order to remove higher 
oxides of^nitrogen. The nitrous oxide is then washed with 
caustic soda in a tower packed with coke to remove nitric acid, 
freed from alkali by passing through sulphuric acid and 
finally washed with water. The gas passes into a holder 
and is subsequently either compressed tc^ about 100 atmo- 
spheres and hquefied or stored as gas at a pressure of about 
100 lbs./in.2 in pressure vessels from which it is distributed 
at a pressure of 5 Ibs./in.^ through meters to the operating 
rooms. The theoretical yield of nitrous oxide is about 
47 ft. 3 /lb. ammonium nitrate, whereas about 4 ft . 3 are 
obtained in practice. On this basis 1000 ft .3 require about 
250 lbs. of ammoiijum nitrate. Instead of aluminium, cast 
iron may be used as fhe retort material. 

According to Lidoff, a mixture of 2 parts of ammonium 
nitrate, previously dried at 105® C., with 3 parts of sand is 
heated to 260-285° C., the resulting gas being washed first 
with a solution of sodium sulphide or a suspension of iron 
sulphide and then with an emulsion of ferrous sulphate in 
concenftated sulphuric acid, to remove nitric oxide. The 
expensive ammonium nitrate may be replaced by a mixture 
of ammonium sulphate and sodium nitrate (Smith and 
Elmore, B.P. 9023/91). Specified proportions oj the two 
salts are mixed and heated tf) not higher than 230° C. at the 
beginning of the operation, the temperature rising to about 
300° C. at the end. B.P. 11828/13, of Torley aijd-i 4 atter, 
prescribes the continuous injection of ammomum nitrate 
either intfolutioft or as scjlid in convenient form, into a heated 
reaction vessel contaming sand, shot, molten metal, etc., 
and fitted with a stirrer. 

By Other MethddSf— In B.P. 1 9074/00 Marston describes 
the preparation of mixtures of nitrous* oxide an^ nitrogen 
by passing regulated proportions of jimmonia and air freed 
from carbon jiioxide over heated %:opper. The use of this 
method for ^e preparation of nitrogen has been affeady 
described, p. 113. Higher oxides of nikogen are removed 
by passing through kon shavings, followed by ferrous 
sulphate solution and Uen alkali. 



288 


INDUSTRIAL GASES 


By rapidly cooling, at the point of maximum nitrous 
oxide content, a nitrogen-oxygen flame produced by com- 
bustion (not of hydrogen) or by electrical means, Sodermann, 
in F.P. 411785/10, claims the production of nitrous oxide, 
which is separated from nitrogen by liquefaction after 
removal of the carbon dioxide. On similar lines is F.P, 
415594/10 of Pictet, according to whom a mixture of 55 
volumes of ox}’gen with 45 volumes of nitrogen is forced 
centrally into a vessel through an oxj’-acetylene flame 
issuing from a flattened annulus. A particular part of the 
flame is cooled by jets of water which absorbs the nitrous 
oxide. A yield of 25 % of nitrous oxide is claimed. 

Purification 

As indicated above, nitrous oxide is best freed from 
nitric oxide by scrubbing with ferrous sulphate solution, 
while chlorine, which may be derived from ammonium 
chloride present in the ammonium nitrate used in its pre- 
paration, can be removed by caustic soda solution or other 
suitable means. Ammonia may be removed by washing 
with sulphuric acid. According to \’'illard, further purifi- 
cation may be effected by fractional distillation of liquid 
nitrous o±ide, any nitrogen going off in the first fraction, or 
by the formation of a hydrate (below o'* C.) and subsequent 
decomposition by heating. 

Applications of Nitrous Oxide 

The chief us« of nitrous oxide ’is as an anaesthetic, 
especially for dental operations. The practical application 
of the anaesthetic property of nitrous oxide is due to Colton 
and Wells in i844.‘- is now administered almost exclu- 
sively in conjunction ^ith oxygen since with nitrous oxide 
alone it i,s difiicult to prcyluce sufficiently Iasti;tg anaesthesia 
without dangef of asphyxia. The proportion of oxygen 
used is from 5-25 % ; usually about 10 % at the bcgixming 
with subsequent increase according to the susceptibility 
of the patient. The effect is very. eVanescent in any case, 
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generally lasting about 40 seconds. On the average the 
time for tfie production of anaesthesia is a little less than (Mie 
minute and about one ft.-** of nitrous oxide is required. 
Among anaesthetics it is the one most free from constitutional 
disturbances, but is only suitable for cases in which complete 
muscular relaxation is not essential. • 

Nitrous oxide is obtained in steel cylinders containing 
from about 6 oz. to about 50 lbs. of the liquid, i.c. from 3-2- 
430 ft .3 of the gas. One lb. of the Hquid is equivalent to 
about 8*55 ft.^ of gas at 15° C. Tor purposes of anaesthesia 
it is important that the nitrous oxide should be free from 
chlorine, other oxides of nitrogen, combined organic matter, 
solids, liquids, etc., and should contain at least 95 % nitrous 
oxide. , 

A representative sample of the commercial product 
appears to *ha\*e a percentage composition somewhat as 
follows (Baskerville and Stephenson, J. Ind. Eng. Chem., 3 , 
(1911), 579) 

Nitrous oxide 96-99 

Water 015 

Carbon dioxide traces 

Ammonia O'ooi-o'op6 

Oxygen . . . . ^ . . . traces 

Nitrogen oi6-3-94 

According to the same authors the presence 
and of the higher oxides of nitrogen <nay be detected by 
passing sflme lo^itres^f^he gas through solutions of silver 
nitrate and ferrous sulphate. The nitroifs oxide may be 
estimated by passing the dry gas together with hydrogen 
over heated reduced efipper with subsequent reduction of 
any copper oxide bj' hydrogen, the water produced being 
determined in the usual way. In tiew of the fact that 
nitrous oxide tis an endothermic Compound the 'staj^ility 
of the liquid has been the subject of some enquiry (liquid 
acetylene or even the compressed gas is, bf course, a highly 
dangerous Substance ovviug to its endothermic character). 

^ propos of the uiiexi)laine 5 explosion of a cylinder of 
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liquid nitrous oxide, Rasch (Z. fur komp. u. flussige Gase, 
(1904), 159) examined the question as follows. By heating 
platinum or iron wires in the liquid, only local decomposition 
was observed as a rule when the temperature of the liquid 
was below 30“ C., but occasionally explosion occurred, even 
with the temperature of the liquid as low as 0° C. in one 
instance. Above 30° C. the decomposition propagated 
itself throughout the mass. Electric sparks produced no 
explosion even at 80° C. Generally speaking, detonation 
onl}' occurred with an energetic temj)crature rise above the 
critical temperature of the liquid, viz. 38'8‘' C. ; direct 
heating of the cyhnder produced no detonation, although 
the cyhnder burst owing to the high pressure generated. 

The possibility of the production of sparks from the 
presence of suspended sohd matter is,' however, preferably 
minimized by always opening the valve with the cyhnder in 
a vertical position, thus avoiding the passage of sohd particles 
through the valve. Further, just as in the case of oxygen, oil 
should be scrupulously excluded from the valves jnd con- 
nections. As in the case of other hquid gases, special care 
must be taken with regard to the degree of filling of cylinders 
owing to the rapid increase in volume of the hquid with 
temperature. Reference to p. 45 will indicate the permissible 
content of a given vessel. 



Section XIL— ASPHYXIATING GASES 

Introduction. — During the war the manufacture and 
use of asphyxiating gases attained such proportions that 
a book dealing with industrial gases would be incomplete 
without’ a brief reference to this branch of the subject. 

Although one hopes that the production of the various 
gases will never be revived for like purposes, there is no 
doubt that the knowledge gained as regards the technical 
preparation and pft)perties of many substances previously 
unknown except to the few will prove to be of signal service 
In the industries, particularly in the realm of organic chemistry. 
Further, a number of the substances may be found useful 
for such purposes as the extirpation of various pests harmful 
to vegetation. 

Since most of the gases, such as chlorine, come under 
subjects treated in other volumes of this series, their prepara- 
tion cannot be dealt with in any detail ; also, in nfost cases, 
the published information in this connection is very meagre 
at present. 

The Development of Gas Warfare.— The 

gas warfare was made by the Germai^ in April, 1915, con- 
sisting i« the use of chlorine discharged from cylinders of 
the liquid, disposed at regular intervals al6ng the front line, 
with far-reaching effects on our unprotected troops. Emer- 
gency respirators were rapidly improvised and the subsequent 
development was determined by counter-efforts of a 
defensive and offensive character respectively. 

For a proper understanding the subject it wjU be 
necessary briefly to consider the factors determining the 
success or otherwise of the operations. * One of the most 
important*pomts is the maintenance of a high concentration 
— from this standpoint O'l % fs a fairly high concentration 
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while o-oi % is quite effective with most gases, e.g. pLosgene 
— gmd this is dependent chiefly on the wind, the ^elc city of 
which should be between the limits of say, 4 and 12 m les per 
hour, and also to some extent on the slope of the count . In 
order to ensure the safety of the attacking troops, especially 
as the line may often be veiy* irregular, the wind should 
approach normality to the general direction of the line. 
According to Auld (J. Wash. Acad. Sci., 8, (1918), 45), 
the deviation tolerated by the Germans was about 40"^ 
on either side of the normal. The density of the gas is 
not so important as is sometimes imagined, since dilution 
to a concentration of the order of o‘i % occurs very 
rapidly and the density of such a nyxture does not differ 
appreciably from that of normal air whatever the density 
of the gas. 

Perhaps the most important matters from -a practical 
point of view are (i) the toxicity ; (2) the difficulty of 
providing protection against the gas ; (3) the ease of manu- 
facture in the large quantities required ; and (4) the con- 
venience of transport. Condition (4) points to the advantage 
of non-permanent gases, since a given cylinder filled with 
liquid contains a considerable weight of poison at a relatively 
low pressure ; chlorine, although suitable as regards (i), (3) 
and (4), was soon found wanting as regards (2), being very 
reactive and easily absorbed by alkalis, thiosulphate, etc. 

■ iimst s;mportant gas for this type of attack has been 
phosgene (COCI2) (cf% p. 252), which while possessing the 
other desiderata has also the advantage of lx?ing only slowly 
hydrolysed by ilkalis. Phosgene is much less irritating 
than chlorine but has an insidious djjlayed physiological 
action. However, absorbents were 'soon found in sodium 
phenate and especially in urotropine—hexamethylenete- 
tramine — which two substances in conjunction gave pro- 
tecti(jn against .concentrltions of 01 % whea used in th^ 
impregnated flannel type of respirator, a valve being 
provided for exhafetion. This type of respirator was soon 
entirely susperseded by the box type, which consisted of a 
chamber filled with granules* of si)ecially activated charqoal 
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possessing the property of absorbing gases, especially those 
of high cfltical temperature in which category practically all 
the poison gases are to be found. The box is connected to 
the mouth by means of a flexible corrugated rubber tube 
ending in a mouthpiece and nosepiece, suitable inspiration 
and expiration valves being fitted. Thi» type of respirator 
has the advantage of simplicity combined with effective 
protection for long duration attacks for practically all the 
gases used, and is very easily recharged. For short periods 
concentrations of several percents can be dealt with. Much 
depends on the previous history of the charcoal, particularly 
as regards heat treatment, also on the wood from which 
it has been made. The enclosed oxygen breathing apparatus, 
while affording an absolute protection, has only a short time 
of action and is milch too heavy and cumbersome. 

Furthes attempts to use cylinders were made in the 
direction of increasing the concentration, but the cumber- 
some and vulnerable nature of the equipment, which was an 
unwelgDine addition to the front line trenches, the need for 
a special corps of operators, the noise produced by the 
discharge and the danger of part of the attacking line being 
gassed, led to their almost complete supersedence by poison- 
charged pi oj ectiles. The shells could be placed with accuracy 
where required and their use' made the operations independent 
of the wind. Gas attacks by shells are best made with 
concentration over a relatively small area. gicuasteff 

have also been used to some extenti In addition to sub- 
stances'* which are primarily poisonous, considerable use 
has been made of “ lachr>^mators,” i.e. substances which 
attack the eyes, producing weeping, and also the mucous 
membranes, e.g. benzyl bromide, xylyl bromide, ^hloropicrin 
(CCI3.NO2), phenylcarbylamine chlorfde (C6H5 . N : CCI2). 
With some lachrymatories a concentration of o'oooi % is 
.sufficient to affect the eyes seriously. Similar irytants, 
which are not highly developed lachrymators, may dso be 
used, the best known member of this cldss being the deadly 
“mustarfi gas," ]8j8'-Jiichloroethyl sulphide ’(CH2CI.CH2. 
S • CH2 . CH2CI) . This substance, even in the state of vapour. 
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has a most extraordinary, inflammatory action on the skin, 
the. more insidious because not immediate, while *its after- 
effects on the eyes and mucous membranes are most serious, 
blindness often resulting. 

Among other substances may be mentioned trichloro- 
methyl-chloroformfite (Cl . CO . 0 . CCl 3) which is poisonous but 
not lachrymator}', and diphenyl-chloroarsine (As(C6H5)2Cl) 
which, when suspended in the air, causes very violent 
sneezing in addition to its lachiy’matoiy^ and ver>^ toxic action. 
The lachr}’matory and irritant substances just referred to, 
being in most cases liquid, were practically always used in shells 
or hand grenades ; phosgene was also used in shells. Hydro- 
cyanic acid was apparently not employ^ed by the Germans, 
probably on account of its temporary" action if Jhe dose is 
insufficient to produce death at once ani of its easy arrest- 
ment ; nickel salts or alkalis may be used as abSV)rbents. 

The number of substances which have been employed is 
very large, the element of surprise being one of the most 
important tactical points. 



Part III.— GASEOUS FUELS 
Section XIII 

General Considerations.— The subject of gaseous fuels is 
one which is receiving great attention at the present moment 
on account of its bearing on the question of thermal efficiency 
in heating processes generally. This matter is of great 
importance in connection with the conservation of our 
fuel resour«es, and ^Darticularly at the present time, in con- 
nection with the shortage of labour and the restricted supply 
of oil fuel for industrial operations owing to the reduced 
tonnage and, during the war, to the demands of the Navy. 

The principal possibilities for increased economy are 
(i) the*utilization of low grade coal with high ash content, 
and other fuel which would othermse be useless, e.g, peat, 
waste wood, straw and other refuse may be used with some 
types of producers ; (2) the greater ease of effective thermal 
regeneration with gaseous fuels and the avoidance of the 
large excess of air necessary with solid fuel, especially when 
high temperatures are required, enable better thermal 
efficiency to be obtained in spite of a certain nsinimum liRS" 
of energy in tbe preliminary gasification of the solid fuel ; 
(3) the recovery of the greater part, abput 70 %, of the 
nitrogen present in the coal, as ammonia, a valuable national 
asset both for war ^'purposes, in connection with explosives, 
and also for use as a fertilizer ; and 44) the much greater 
efficiency of the gas engine as a source of power in comparison 
with the steam engine, at any rat%for relatively small plants. ' 

Among other advantages afforded by the use of gaseous 
fuel, are the much greater ease of control^ i,e. the adjustment 
of temperature or of reducing or oxidizing nature of the 
atmosphere of a furnuce ; the possibility of Cutting off the 
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{bel supply immediately when finished with ; tiie absence 
of smoke and ash ; and the ease of distribution froip a central 
station. 

The success of various high temperature operations of the 
highest importance is directly attributable to the introduction 
of gaseous fuels of low calorific value but cheap, burnt in 
regenerative furnaces, c.g. in the open hearth furnace, in 
the heating of coal gas retorts, etc. 


Fundamental Principles relating to the Usq of 
Gaseous Fuels 

In Table 29 are given typical examples of composi- 
tions, based on averages of the analyses given by a number 
of authorities, of the various gaseous fuels, together with 
some of their more important characteristics with which 
we shall deal presently. 

Calorific Value.—An important point in the comparison 
of gaseous fuels is the question of calorific value. 

Reference has already been made to the necessity for 
discrimination between “ gross " and “ net " calorific values, 
and although the latter term has no very precise significance 
(cf. p. 13) its use is convenient in connection with most opera- 
tions of heating. Observations relating to British and 
French practice have been made on p. 13 ; in the United 
States it is usual to use the gross value for the comparison 
TSTfuels, while in German and Austrian practice the products 
of combustion are assifmed to be cooled to 100° C., the water 
remaining as steay. 

We shall see, however, that the value of a gas as a fuel 
cannot be expressed in terms of calorific Value alone. 

The Mechanisnj of Flame.— The subject of the pro- 
perties of flames is an extensive one, and we must confine our 
j attention here to a few of^the more practical aspects of the 
question.. Usually the most important characteristic of a flame 
in relation to furnace work is its temperature. The temper- 
atures of particular portions of a flame are best determined 
by using several thermocouples of different diameter wires, 
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plotting the results and extrapolating for' zero thickness 
of wire, f 

» Turning to factors determining flame temperatures, it 
is obvious that, assuming the combustion to be adiabatic, 
the flame temperature will be represented by the following 
fraction, sometimesJ;ermed the calorific intensity : — 

Heat of combustion of the components of the mixture 
Mean thermal capacity of the products per degree C. over 
the temperature range in question 

neglecting any dissociation at the flame temperature. * Even 
non-luminous flames, however, are far from being adiabatic. 
According to Callendar {B.A. Reports, (1910), 214), 10-15 % 
of the energ}^ is lost by radiation, the foss increasing with 
decreasing air supply and consequently rincreasifig size of 
flame, a maximum of 15-20 % loss being found wl^en a well- 
defined inner cone is formed. 

The radiation is ascribed by most investigators to the 
intensely vibratory condition of newly-formed compound 
molecules (of hydrogen and oxygen or carbon and oi^gen, 
which subsequently revert to the condition of ordinary water 
or carbon dioxide molecules), a gas in the ordinary state being 
incapable of transmitting radiation. The measurements 
of Helmholtz (Beibl'dtter, 14 , (1890), 589) indicate that the 
radiation from a carbon monoxide flame is some 2*4 times 
that from a similar hydrogen flame, for equal volumes of 
“gas burnt. 'This fa(jt probably explains the greater 
'usefulness of carbon monoxide than* of hydrbgen as- a con- 
stituent of semi-wa<er gas for heating purposes, given equal 
calorific values in the two samples. Tlje radiation from 
flames is also of considerable importance in connection with 
the communication 6f heat to the cylinder walls in gas 
engines. , 

* An important factor iii the transmission heat from 
flames ^0 -cooler surfaces is the velocity of the products of 
combustion over the surface. Thus, the high temperature 
which is obtained with a blow-pipe in comparison with a 
Bunsen burner is due in a considerable* measure to the hkh 
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velocity and consequent high degree of turbulence in the 
gases. • 

Calorific Value of Technical Gas-Air Mixtures.— 

Reference to Table 29 will show that although a consider- 
able variation exists between the calorific values of the 
different gases, there is much less variation between the 
corresponding values for the mixtures of the same with 
the volume of air required for complete combustion, and since, 
for most technical purposes, it is almost impossible to avoid 
the use^ of a certain excess of air, the differences are still 
smaller in actual practice. 

It must not be forgotten, however, that a small difference 
in the calorific intensity may make a considerable difference 
in the efficiency, especially in non-regenerative high temper- 
ature furnaces. The calorific intensities are more or less 
in the ordt r of the calorific values of the gas-air mixtures, 
although not necessarily so ; thus, blue water gas has a 
higher calorific intensity than coal gas. Calculated values 
have upt been given on account of the variable proportions 
of air used in practice and the lack of trustworthy data 
for specific heats at high temperatures. 

Ignition Temperature. — Mixtures of various inflam- 
mable gases with air or ox)"gen possess, under certain con- 
ditions, quite definite ignition temperatures ; by ignition 
temperature is meant the temperature at which combustion, 
originated at a point, propagates itself rapidly^ through the 
mass of the gas. In the exact determination of such ignition * 
temperStures ttere i§ considerable difficulty on account of 
errors, such as those caused by the heating effect due to 
slower initial combjnation at a temperature below the true 
instantaneous ignitioil temperature. The methpd used by 
Dixon and Coward (Chem, Soc, Trans?, (1909) > 5 ^ 4 ) 
spark the point at which streams of the two gases, separately 
preheated toft given temperature, *were brot^ght togetter, and 
their measurements, which are given below, were criticized 
by McDavid [Chem, §oc, Trans,, (1917), *1003) on the above 
grounds. * To avoid tjjiis error and in order to have a station- 
voiume of gas since the* mixture is imperfect with a 
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streaming method, McDavid allowed a soap bubble of the 
mixed gases to impinge on a wire electrically hfeted to a 
given temperature ; his values also will be found below. 
Alternatively, the time factor can be eliminated by performing 
the heating by means of adiabatic compression (Falk). 


TABLE 30. 

Ignition Temperatures. 




Ga*; + air. 

Gas + oxygen. 

' °C. 

Gas. 


®C. 


Dixon and 
Coward. 

McDavid. 

Dixon and 
Coward. 

Hydrogen 

580-590 

644-658 

(10 % H,) 747 

580-590 

Carbon monoxide (moi.st) . . 

' , 93 " 

637-658 

Methane 

650-750 

>1000 

556-700 

Ethane 

520-630 

1062 

520-630 

Ethylene 

542-547 

(10 % C2H4) 1006 

500-519 

Acetylene 

406-440 

— 

416 '440 

Sulphuretted hydrogen 

34<>-379 


220-235 


Ignition temperatures are of importance, particularly 
in connection with power production, as the modern gas engine 
depends for its high efficiency on the employment of a high 
degree of 'compression with a correspondingly high temper- 
ature production owing to the* adiabatic compression (cf. 
p. 346) ; it is, consequently, necessary for a suitable power 
gas fuel to capable of withstanding the required com- 
pression without pre-ignition. 

Explosive Limits and the Velocity of Propagation of 
Explosion.“-The "above are important points in the use of 
fuel gases, the former from a danger st^dpoint (for values 
for some of the fuel gases, cf. Table *29), and the latter in 
relation to questions' of back-firing ; thus, in burners of the 
Bunsen type and in injector blow-pipes, it is necessary for 
the linear* velocity of the^ explosive gas mixture to exceed 
the vefodty of propagation of explosion in the same. 

Space will not permit more than an indication of the 
complex natuit of the phenomena of tjie propagation of gas 
explosions. Broadly speaking, however, it will suffice to 
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state that the explosion originating in a tube results in a 
period of •acceleration of the flame, succeeded by a more or 
less sudden increase of the velocity of propagation to a very 
high value of the order of io,oooft./sec. The phenomena, 
particularly in the preliminary period, depend (i) on the 
position of the point of ignition, whether near the open or 
closed end of the tube ; (2) on the diameter of the tube, 
and (3) on the composition of the gas mixture. For further 
information cf. Mallard and Le Chateher, Annalcs des Mines, 
[8], 4 , (1883), 524 ; Dixon, Phil. Trans., A 200 , (1903), 315, 
and other papers. 

Fundamental Principles of the Production of Gaseous 
• Fuels of Low Calorific Value 

Starting from the general standpoint that all processes 
for the complete gasification of coal depend on the action 
of oxygen, or water, or of both, on the carbon which consti- 
tutes the most important part of the coal, it will be well to 
consider the thermochemical and thermodynamical changes 
involved. 

(i) Action of Air on Carbon. — The combustion of 
carbon takes place either to carbon monoxide or -to carbon 
dioxide or to a mixture of both according to circumstances. 

2C + O2 = 2CO + 58,000 calories [a) 

C + O2 = CO2 + 97,300 calories (p) 

Reaction (te) corresponds to tfle liberation of 2420 • 
C.H.U./lb. carbon (4^60 B.T.U.). , 

Reaction [h) corresponds to Ihe liberation of 8110 
C.H.U^/lb. carbon (14,600 B.T.U.). 

Now, the general ideal in the production of a fuel gas is 
to have as high a cold " therm^ efficiency as possible, 
by which is^ meant the ratio ofcthe calorific vcjue of the«» 
gaseous fuel to that of the corresponding quantity cf tkie solid 
fuel from which it originated, net valqes being preferably 
taken. Stated in other words, the principle is to transform 
as little potential entrgy as possible into sensible heat 
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in the gasification process. We shall see later that in some 
cases it is feasible economically to utilize such ‘^sensible ” 
r heat, but in general the gases are used cold, and unless 
recovered by regenerative operations, the sensible heat 
liberated in the generator is wasted. 

Considering the “ cold ” thermal efficiency in the above 
reactions, we find that here tlie case is ver}^ simple since 
carbon dioxide is incapable of further combustion and conse- 
quently the efficiency will vary from 


8iio — 2420 _ 5690 
8110 “8110 


0702 


when only carbon monoxide is formed, to zero when all 
carbon dioxide is formed. 

If, on the other hand, the gases are utilized in the hot 
state-supposing, for instance, that the gases leava the gener- 
ator at a temperature of 800"" C., about the usual temperature 
— we must add to the heat of combustion of the carbon 
monoxide the thermal capacity of the mixture of , carbon 
monoxide and nitrogen. 

Assuming that we are dealing with pure carbon, in which 
case we should have a gas mixture of CO -(- 2N2, and neg- 
lecting the increase in the specific heats with temperature, 
we see that the quantity to be added is 

785 X + X pj C.H.U./lb. carbon 

= 785 (0-242 X 2'33 -f 0-243 X ' 4 ’ 66 ) C.H.U./lb. Tarbon 
= 1330 C.H.Uf/lb. carbon. 


The “ hot ” efficiency therefore equals » 

8110 

* 0 

the diger^nce freftn unity representing the loss by radiation 
‘ from the generator. ^ 

Up to the present we have been dealing with the ideal 
case, viz. the production of* carbotf monoxide only. ^ 
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consideration of the equilibrium relations of the reversible 
reaction * 

2CO ^ C -h CO2 + 39,300 calories 

(cf. p. 237) will indicate that this can only be the case 
(approximately) at temperatures over 1000° C., although the 
fact that the partial pressure is approximately 0-33 atm. 
will hinder the decomposition. According to theoiy^ the 
action of air on carbon should result in the production of a 
gas containing about 33 % (CO + COg). 

The following table shows the equilibria calculated from 
the experimental data of Rhead and Wheeler and Boudouard 
(cf. p. 238) for various temperatures taking 4- 
equal to 0*33 atm. 

• • TABLE 31. 

Equilibrijjm between Carbon Monoxide, Carbon Dioxide and 
Carbon at 0-33 atm. 1 ’ressure. 


Temperature ®C. 

. . . . Goo 

800 

1000 

K (from smoothed curv'e) 
pco in ^ms. 

M 55 

0 124 

0 00597 

0120 

0*318 

0*329 

pcom in atms 

pco/pco^ 

.. 0*210 

0 012 

0*001 

.. I 0-571 

20*5 

i 329 


An important point in the consideration of the attainment 
of these equilibria is that discovered b}' Rhead and Wheeler 
(loc. cit.), namely, that the rate of reaction is much greater — 
some 166 times at 850*^ C. — in the direction of carbon monoxide 
formation than in that of its deconipo^tion ; the consequence^ 
is that •in passing through the hot zone in the neighbour- * 
hood of 1200-1500'' C. the gases are practically free from 
carbon dioxide and on subsequent passage through the upper 
cooler zones, the reactfon in the direction cf dioxide formation 
is sufficiently frozen ” to prevent any* considerable amount 
of carbon dioxide being formed. • 

The practical outcome of tliese consideratiohs is that* 
from this point of view it is desirable to run the prociucer at • 
as high a temperature as possible. In ifractice this desider- 
atum is qualified by ^e fact that much trouble is caused at 
excessively high temperatures by clinkering " and by the 
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increase in losses by radiation, etc. If the fuel used is 
not pure carbon, but contains considerable quattities of 
hydrogen, as e.g. bituminous coal, the gaseous products will 
contain appreciable quantities of decomposition products, 
notably hydrogen and methane, in addition to carbon 
monoxide, carbon dioxide and nitrogen. 

(2) Action of Steam on Carbon.— As in the case of 
ox>^gen, the action of water on carbon may take place in either 
of two ways : — 

|C -f = CO + H2 — 39,700 calories (a) 

)C 4- H20g„ = CO + H2 — 29,100 calories {a') 

jC -f 2H20uq^d = CO2 + 2H2 — 29,500 calories (6) 

jC + 2H20g„ = CO2 + 2H2 — 18,900 calories (b') 

The net calorific values of the resulting gaseoils products 
will be 167 and 102 C.H.U./ft.^ at 15° C. respej:tively (cf. 
Tables 13 and 29) ; it is therefore obvious that the product of 
(b) is much less desirable as a fuel and, consequently, it will 
not be considered further. The action differs from that of air 
in that we have in both the above cases, not an evolution 
but an absorption of heat. 

Thus- 

Reaction (?r) involves the absorption of 3310 C.H.U./lb. carbon 

' (5960) B.T.U. 

M («') „ »» „ 2420 C.H.U./lb carbon 

(4360) B.T.U. 

^ »> (^) »» y ,, 2460 C.H.U./lb. carbon 

•^4430) B:T.U. r. 

M (6') „ „ 1570 C.H.U./lb. carbon 

(2830} B.T.U. 

c 

It is therefore evident that the reactions cannot be self- 
supporting and that'^the necessary supply of heat must be 
^ furnished in some way. * External heating of the generator is 
impracticable, and, consequently, it is found moie convenient 
t to adopt* the plan of using the fuel itself and the furnace 
lining as heat accumulators by supplying alternately to the 
fuel bed an air blast — the ** blow " period — and* a steam 
blast — the ** make ” period, or the *‘’nm." • 


f 
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We have seen above that the combustion of i lb. of carbon 
liberates («) 2420 C.H.U. if carbon monoxide be formed, and 
(b) 8110 C.H.U. if carbon dioxide be formed. It will be 
instructive to make a rough estimate of the thermal balance 
sheet of the generator. The calculations are made for the 
sake of indicating clearly the various itemsiin the heat balance 
sheet rather than for obtaining an accurate evaluation of the 
coke requirements. For this purpose we will assume the 
gases both from the “ blow ” and “ make ” periods to leave 
the generator at a temperature of 600° C., and will take no 
account of the increase in the specific heats with rise of 
temperature, since the calculations are only approximate 
and the corrections ^re not accurately known in all cases. 
For further simplicity we will neglect the loss by radiation, 
etc., from tlie body* of the generator ; such losses vary with 
the type of generator, but may be evaluated for specific cases. 

Blow, (a) Combustion to Carbon Monoxide . — Heat 
of combustion of 12 lbs. of carbon 

= 12 X 2420 C.H.U. 

= 29,000 C.H.U. 

Heat lost in products of combustion (28 lbs. CO and 56 lbs. 
N2) 

= 585 (0*242 X a8 + 0*243 X 5 ^) C.H.U. 

= 11,920 C.H.U. 

Total heat available therefore 

^ = 29,000 — ji,920 C.H.U.* 

= 17,080 C.H.U. 


Blow, (b) Confkustion to Carbon Dioxide.— 'H.tz.t of 
combustion of 12 lbs. of carbon 

= 12 X 8110 C.H.U. 

C.H.U. 

Heat lost in products of combustion (44 lbs. CO2 £tnd 
112 lbs. Nj) 

* = 585 (o*2p2 X 44^+ 0*243 X 112)* C.H.U. 

, == 21,120 C.H.U. 


A. 


20 
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Total available heat therefore 


= 97,300 — 21,120 C.H.U. 

= 76,180 C.H.U. 

For the present purpose it will be most convenient to 
consider the reac^on in the “ run ’’ as being carried out 
with liquid water and to add on the heat carried into the 
generator by the steam, assumed at 100° C. 

Make. — Heat supplied in 18 lbs. of steam, if at 100® C. 

= 18 (85 X I + 538) C.H.U. 

= 11,210 C.H.U. 

Heat absorbed in the gasification of 12 lbs. carbon 
= 12 X 3310 C.H.U. 

= 39,700 C.H.U. 

Heat lost in the gaseous products (2 lbs. Hj and 28 lbs. 
CO) 

= 585 (3‘42 X 2 + 0-242 X 28) C.H.U. 

= 7960 C.H.U. 

Total loss of heat therefore 

= 39,700 + 7960 — 11,210 C.H.U. 

= 36,450 C.H.U. 

Considering the two cases (a) and (6) separately we find 
that the ratios of the carbon consumed in the “ blow ” and 
“ make ’’ periods respectively would be — 

' ' ‘ 17,080 1, 

</M 36,450 _ 0-478' 

76,180“ I 

or the proportions^ of the total carbon* appearing in the useful 
product, i.e. water gas, would be— 


(«) 

(i) 


— =0-319 

3134 

= 0-677 


1-478 


In actual practice the corresponding values are of the 
order of («) o‘3, (6) 0’5-o-6. 
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A simple calculation will indicate that i lb. of carbon in 
the make ” period should produce 63*0 ft .3 of water gas at 
15® C., or conversely, 1000 ft.^ of water gas should require 
15*87 lbs. of carbon in the make period. This is equiv- 
alent to a total of 

{a) 15*87/0*319 = 49*7 lbs. oarbon 
(h) 15*87/0*677 = 23*4 lbs. carbon 
per 1000 ft. 3 of water gas according to the method of com- 
bustion in the “ blow '' period. 

The average values found in actual practice for good work- 
ing are about {a) 50-60 lbs., (b) 32 lbs. coke, or, taking the coke 
as containing, say, 85 % carbon, {a) 42-5-51 lbs., (h) 27 lbs. 
of carbon, the figures not including the fuel for raising the 
steam, this item, if 60 lbs. steam used, being equivalent 
to some 7 fbs./iood ft .3 of water gas in good boiler practice. 

If, as usually happens in practice, the blow gases from a 
generator working on system (a) contain a certain proportion 
of carbon dioxide, the fuel consumption may be considerably 
lower ^han that calculated above. 

Theoretical considerations on the above lines would point 
to the formation of the following volumes of blow gases : — 

(a) 3200 ft. 3 , (b) 1200 ft .3 per 1000 ft .3 of water gas. 

The volumes produced in practice are (a) 3000-4000 ft. 3 , 
(b) 2000 ft. 3 . 

Similarly the water requirements should be 
15 87 X 18 JJjg yjQQQ 3 jgO Q 

^ = 23*8 llfe./iooo ft .3 at 15° C., 

assuming complete decomposition, whicl^is not realised in 
practice. 

In practice the weight required is about 60 lbs., including, 
however, the steam for the blowers. • If the blow " be 
carried out to give carbon dioxide, the theoretical efficiency 
of the water gas ftianufacture skould be 100 % ; in others 
words, the ne! calorific value of the water gaS should bt equal 
to that of the coke used in its manufacture, assuming no 
heat losses in the geiierator, blow gases, etc* In practice, 
however, the “ net cbld ” efficiency is of the order of (a) 
jS%. {b) 70 %, t aking the net calorific value of coke at 8000 
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C.H.U./lb., excluding the fuel for raising the steam, driving 
the blower, etc. Estimate (a) neglects, of course, the calorific 
’ value of the blow gases ; this, if counted, would bring the 
efficiency up to that of (6). 

Before leaving this section of the subject, it will be 
instructive to calculate the effect of preheating the steam. 
Tmaginp the incoming steam to be heated from 100° C. 
to 600° C. at the expense of tlie issuing water gas— 

Heat absorbed by 18 lbs. of steam 

r 

= 18 X 500 X 0-473 C.H.U. 

= 4260 C.H.U. 


The total heat loss during the “ make ” will therefore be 
diminished by this amount and will amount to 

36,450—4260 C.H.U. = 32,190 C.H.U. 

Therefore ratio of carbon consumed in the '' blow and 
“ make " periods respectively is— 

32,190 _ r885 
17,080” I 
(h\ 32 >I 90 _ 0-423 
76,180 “ I 

Proportion of total carbon appearing in the water gas — 


'*' = 2-885 
V 

(b) -i- = o- 7/)3 

1-423 

Total carbon required per looo ft.^ of blue water gas 


I (a).,i5*87/o-347 =45*7^1tls. 

I (b) ig*87/o-703 = 22*6 lbs. 


In case {a) this value ‘is considerably lower than in that 
" previoudy consifiered. 

Tims' far we have considered the warer gas as being 
composed of equal volumes of hydrogen and carbon monoxide. 
In practice this is approximately the c^, but a smSU percen- 
tage of carbon dioxide is always present, in amount dependj^ 
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• principally on the temperature of the fuel bed. The reason 
is to be found in the reversible reaction known as the water 
gas equilibrium 

CO + H2O ^ CO2 + H2 + 10,200 calories. 

The following table indicates the results of the equihbrium 
measurements of Hahn (Z. physik. Cheifi., 42 , (1902), 705 ; 
44 , (1903)1 513 ; 48 , (1904), 735), the points being taken 
from a smoothed curve which is extrapolated below 686° C. 


lABLE 32. 

Hahn. — Water Gas Equilibrium. 


Temperature ®C. 

500 

600 

700 

800 

900 1000 1100 1200 

1300 

1 40c 

_ pCO . pHiO 
PC 02 • Pilf 

oiG 

032 

• 

058 

O' 90 

I 25 j 162 j 1-92 2 -IG 

235 

2*49 


The exact course of the establishment, in technical 
generators, of the above equilibrium on the one hand, and of 
the CO, CO2, C equihbrium on the other, have been the subject 
of much discussion. In a discussion of the investigations 
of Bunte and Harries (/. Gasbelcucht., (1894), 81) on the 
results of passing steam over carbon at different temperatures, 
and to which we shah have occasion to refer later, Luggin 
(Ib.^ (1898), 713) finds that the water gas equihbrium is 
estabhshed at temperatures between 760° C. and 1000° C., 
but that the CO, CO2, C equilibrium is not attained, the 
carbon dioxide being always in excess. It \v^as suggested^ 
by Haber that the ash content of tile coke is operative in • 
facihtating catalyticJlly the attainment^ of the w^ater gas 
equihbrium without the carbon itself coming into equih- 
brium with the carbon monoxide and carbon dioxide. 
Recently the question has received e^^erimenfal attention 
from Gwosdz (Z. angew, Chern,, (19181,!., 137), who found that 
over the range of *560-855° C., aconsiderable percentage ot 
carbon dioxide— -up to 29%— was always ^formed with gas 
coke containing 8 5% of ash. On the other hand, with^ 
almost pure carbon— lampblack with o-i % ash — even at 
6po° C., the water gaS oontaiifed only 8*6 % carbon dioxide. 
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Gwosdz*s conclusion is that the carbon dioxide is not formed 
in the primary reaction, but that in the first instance the 
carbon reacts with water vapour to give carbon monoxide 
and hydrogen, the establishment of the water gas equilibrium, 
in the upper and cooler regions of the generator, following by 
catalysis through tjie ash of the fuel. 

In practical operation of water gas plants, the temperature 
conditions are continually changing during the ‘'make period 
and the duration of this period is so arranged that the average 
percentage of carbon dioxide does hot rise beyond the desired 
limit. 

(3) Action of a Mixtiire of Air and Steam on Carbon. 

— We have seen above that the action of oxygen on carbon 
results in an evolution of heat with a consequent tendency 
to excessive rise in temperature in the produce/ while the 
action of water is strongly endothermic, leading to the 
necessity for discontinuous working and consequent lower 
efficiency. It is therefore not difficult to see why a combin- 
ation of the two processes has proved to be the most advan- 
tageous method of producing a fuel gas for furnace work and 
for power generation. Such a combination has the double 
advantage of avoiding the tendency to “ clinkering and of 
securing a gas with less inert nitrogen and of higher calorific 
value than air producer gas ; further, owing to the lower 
temperature, the efficiency is less dependent on recuper- 
ation of the “ sensible " heat of the products. For a proper 
"understanding of the thermal balance it is convenient to 
regard the process as *being carried^'out in \:wo generators, 
disposed side by side, and separated by a partition perfectly 
permeable to heat. If we imagine the /‘blow" cycle of 
the ordinary water gas manufacture to be carried out in 
one generator simulteneously with the performance of the 
“ m^e " cycle in the other, the resulting gaseous products 
6eing united giving “ semi-water gas," it is evjdent that we 
have much the same thermal balance as that just worked 
out for water gas production. 

Thus, assuming no heat-interchange, the ratio of the 
carbon reacting with water tb that reacting with air wj|l 
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be 1/2 134. 0'32 of the csxbon reacts with water and 

0'68 with jir. The weight of water per lb. carbon is seen to be 

0-32 X 18 

^0-48 lb. 


Since the volume of i lb. of water vapour at 100° C. is 
26*43 the volume of this water at loc^ C. will be 26*43 x 
0*48 ft .3 = 12*7 ft .3 Similarly the weight of the oxygen 
involved is— 


0*68 X 16 


12 


and the volume 


= 0*907 lb. 

__ 0*907 X 1000 


ft3ati^°C 
84 56 ^”5 C. 


= 10*7 tt .3 at 15° C. 

or io*7/(^*2i ft .3 of air at 15° C. = 5i*( 








or 66*0 ft .3 of air at 100° C. 

This steam/air ratio corresponds to a partial pressure of 
12*7 X 760 

— .1, , mm. mercury 
^ 12*7 + 66*0 

= 123 mm. mercury, i.e. a saturation temperature of 56® C. 


We have calculated for the case of the action of steam on 
carbon that a weight of 49*7 lbs. of carbon should produce 
1000 ft .3 of water gas plus 3200 ft.^ of '*blow "’gases (air 
producer gas) at 15® C., i.e. a total of 4200 ft .3 of gas. 
Since these data are applicable to the present case, we see 
that 1000 ft .3 of semi-water gas should result from 49*7 x 
1000/4200 lbs. of carbon = ii*8 lb|. of carbon. The ait^ 
requireflients per igoo ft.^ of gas should, therefore, be** 
11*8 X 51 ft .3 at 15® C. = 602 ft .3 at*i5® C., while the 
water is similarly evaluated at 11*8 x 0*48 lbs. = 56*6 lbs. 

If the above ideal Conditions were fulfilled, the percentage 
composition of the gas, when operatiflg with pure carbon 
and neglecting carbon dioxide formation, would be — 

I^drogen • ii*§ ^ 

Carbon monoxide . . . . 37*3" 

, Nitrogen/: .. .. 50*8 


100*0 
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corresponding to a calorific value (net) per ft.® at 15® C. 

of 85*6 C.H.U. On this basis the thermal efficiency would be 

85*6 

ir8x8no °°°^>S 

A somewhat lower saturation temperature than that just 
calculated would be necessar}^ in practice on account of losses 
due to radiation, convection, etc. Owing to the diluting effect 
of products of distillation and partial replacement by carbon 
dioxide, the carbon monoxide ci^ntent is not so high in 
practice. By paying attention to thermal losses; effici- 
encies of about 80 % may be attained in actual working. 

As regards the establishment of the equilibria in the 
generator, the remarks on water gas apply also to the present 
case. From a technical standpoint, lo*v carbon dioxide 
concentration is desirable in order to secure hi^h calorific 
value and high gasification efficiency. The most important 
condition for such low concentration is, of course, the 
maintenance of a high temperature in the fuel bed by keeping 
down the steam ratio. On the other hand, as we shall see 
presently, it is sometimes advantageous to sacrifice efficiency 
of gasification to the recovery of ammonia, by working with 
a high steam ratio and consequent low temperature in the 
producer. , 

Since the manufacture of semi-water gas is usually 
carried out from bituminous fuel, not from coke, there is 
l>ften present in the gases an appreciable amount of methane 
— of the order of 3 %~formed mainiy by d^tructive distil- 
lation of the fuel in the upper and relaftvely cool portions of 
the generator. 

A possible futu^ development of neAi-water gas manu- 
facture lies In the substitution of pure oxygen or oxygen- 
enriched air for air in a(lmixture with the steam (cf. remarks 
en the po^ibilities in the fciture provisiod of cjieap oxygen, 
p. 94 and p. 106). Using pure oxygen, the resulting gas 
would contain only combustibles, possessing, in fact, the 
advantages of water gas without the inherent drawback of 
intermittent working. 
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(4) Action of Carbon Dioxide on Carbon. — ^There is 
still ano^er method of gasif54iig carbon, namely by the 
action of carbon dioxide either alone or in admixture 
with air. 

C + CO2 = 2CO — 39,300 calories. 

If carbon dioxide alone be passed through the producer, 
the strongly endothermic nature of the reaction, resulting 
in an absorption of 3270 C.H.U./lb. carbon (5890 B.T.U.), 
makes it necessary to Ube an intermittent “ blow ” as in 
water gas manufacture. Using a mixture with air, a balance 
will be struck as in the case of semi-water gas. 

The process was used some years ago in power production 
on account of the freedom from pre-ignition troubles when 
using this^as. Apportion of the gases from the exhaust of 
the engine, which operates on very high compression, is 
returned together with additional air to the generator. The 
composition of the gas is similar to that of air producer 
gas. ^ 


TECHNICAL PRODUCTION OF GASEOUS- FUELS 
OF LOW CALORIFIC VALUE 

Air Producer Gas 

General. — The gaseous fuel reshlting from the action'* 
of air on incandesAnt carbon, and kjiown variously as 
producer gas, air gas, air producer gas, straight producer 
gas, etc., was the nrst form in which c^rJ)on was completely 
gasified for industrial purposes. A siijiple forifl of producer 
with natural draught was introduced by Bischof in 1839, 
but the firs^ important advance# was made by t^e Siemeq^ 
Bros., who used producer gas in connection with th^ principle 
of regeneration for^ steel melting, also introduced by them.* 
Natural* draught was at first used, but later air injection 
yas adopted and firfally the* air was injected by means of a 
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steam blast, air producer gas being no longer used in steel 
melting. ^ • 

General Principles of Operation.— A dear insight 
into the prindples governing the operation of air producers 
is afforded by Wendt’s investigations {Stahl und ^'isen, 
26 , (1906), 1184), which were carried out in a technical 
generator using bituminous coal as fuel, the bed being 7' 3’' 
deep. For a summary of the results obtained, see the 
following table, which represents analyses of gases drawn 
from different zones of the producer at the stated heights 
above the grate. 


TABLE 33. 

Wbndt's Experiments on Prodi/cer Gas. 


Height above 
tuyere. 
Inches. 

Temperature 

<'C. 


CO 

COj 

• 

CH4 

t 

N* 

0 


_ 

19 0 

8*8 


71*6 

10 

1380 

— 

34*5 

— 

— 

65*5 

20 

— 

— 

34*5 

0*2 

— 

65*3 

30 , 

1250 

07 , 

327 

0*8 

0*4 

^4 

40 

1 

11-9 

289 

10 

2*0 

56*2 

50 

1145 

lO’O 

267 

20 

3*8 

57*5 

60 

— 

I2'3 

272 

20 

4*2 

54*3 

Outlet 

610 

64 

30*9 

1*0 

3*2 

585 


Tar was present in the gases at and above the zone 40'' above the 
tuyere. Depth of bed = 87*. 


^ An examination of the above analyses will indicate 
that the equihbrium between carbon^monoxide and jcarbon 
dioxide is established at or below the \)oint 20" above the 
tuyere. 

Thus, at 20", = 0*002 atm. ^(d! the equilibrium 

values on p. 303), tfie ^ate of reaction being very high at the 
temperature of this zone. Free oxygen is very rapidly 
removed in the first portiejas of the fuel*; no oxygen was 
found at qpy of the points. As the highly heafed products 
bf combustion ascend through the fuel bed, their temperature 
is lowered by cqntacl with the cooler fuel and consequently 
some reversion to carbon dioxide takes place, but a reference 
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to p. 303 will show that equilibrium is by no means attained 
at say 6db® C., in the time available. 

Further, with the bituminous coal used in these trials, the 
distillation taking place in the upper regions results in the 
formation of methane and hydrogen. The composition of 
the gas produced will vary with the fuel Vj^d ; with coke the 
hydrogen and methane will, of course, be lower than with 
bituminous coal. 

The temperature of the producer tends to rise until 
limited by the increasing. losses through radiation and the 
sensible heat of the gaseous products ; the practical limit 
is set by the trouble of cliukering '' which increases rapidly 
at high temperatures, and also by the action on the lining of 
the producer. These difficulties and the low thermal effici- 
ency (cf. p.* 302) hsPve led to the almost complete substitution 
of semi-water gas for air producer gas except in the case of 
the ** blow " period in the manufacture of water gas, where 
the function of the blow is actually to produce a high 
temperature in the fuel bed and producer lining. 

Some plants have been constructed with the deliberate 
object of working at the maximum possible temperature and 
combine the production of C02-free gas with the ehmina- 
tion of clinkering " difficulties by adding limestone to 
produce a fusible slag with the ash, this slag being tapped off 
regularly through a slag notch. According to Bone (Thorpe's 
^'Dictionary of Applied Chemistry,’’ 1912) a gas with the 
following percentage composition and a calorific value 
73 (grcfis) or 6 § (net) €.H.U./ft .3 at ^5° C. is obtained with • 
the Thwaite cupola pl-oducer using Danca^hire slack coal : — 


Hydrogen 

5‘35 

Carbon monbxide 

.. 2^-0 

Carbon dioxide . . 

• . . 2-0 

Methane ^ . . 

. . • . . 2 05 

Nitiogen . . 

... 6i'6« 


lOO'OO 


^ • 

Similar results were obtained by Wurth.and Co. {Stahl 
yind Eisen, (1914), 11*33) 'ising small coke, the gas containing 
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34 % CO, 1-2 % CO2, and having a calorific value of 84 
(gross) or 75 (net) C.H.U./ft.* at 15® C. The ivm of the 
ash is stated to be recoverable with the sls^ as a high silicon, 
low sulphur, pig iron (cf. also Markgraf, Stahl und ^Asen, 
88 , (1918), 703). 

Applications.-rApart from its use as a fuel gas, air 
producer gas has some chemical applications, among which 
may be cited the manufacture of formates, the production 
of nitrogen, carbon dioxide {q.v.). 

c 

Water Gas 

Water gas was first made on an industrial scale in the 
United States in about 1873, the initiation being due to 
Lowe. No progress was made in this country until 1888, 
when a plant was installed at the Leeds Forge operating on 
the Lowe principle, i.e. with the production of carbon 
monoxide in the “ blow period. 

In order to effect a distinction from carburetted water 
gas, really a mixture of water gas and oil gas " (vide infra), 
water gas is usually spoken of as “blue water gas” since 
it bums with a non-luminous blue flame. 

General Principles of Operation.— From what has 
been said in the preceding pages it will be evident that the 
success of water gas production depends on the maintenance 
of a high temperature in the fuel bed up to the end of the 
“ make ” period. The w^ay in which the CO/CO 2 ratio 
varies with tefiiperature is well brought out by the following 
‘ experiments carried ott by Harrie^in Builte’s laboratory 
(/. Gasbeleucht., (1/^94), 81), and arranged by Luggin (lb., 
(1898), 713). In these experiments, steam was passed over 
wood charcoal heated to different temperatures, on a labor- 
atory scale. , 

The values of K in thf penultimate column are taken from 
a curve representing the values given in Tible 3J. 

DisKgarding ^certain experimental discrepancies, an 
approximate agreement is seen to exist between the calcu- 
lated equilibrium and that observed experimentally except 
at the lowest temperature. ' • ** 
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It will be noticed that the action at 700^ C. resets in the 
formation of very little carbon monoxide and much carbon 
dioxide, while above 1000® C., only comparatively small 
amounts of carbon dioxide result ; the percentage of hydro- 
gen, however, is not greatly affected. An important practical 
point is the completeness of decomposition of the steam ; 
this is seen to be sufficiently good at 1000° C. 

Water gas is usually made from coke in practice, and 
consequently its composition is liable to less variation than 
is the case where coal, with vai*ying h3-drogen content, is 
employed ; for this reason also the methane content is low, 
viz. from o-i-i‘0%. According to Vignon, the methane 
content can be increased to some 20 % by addition to the 
coke of lime in large quantity. 

The general composition and characteristics oJ blue water 
gas will be found in Table 29, p. 297. According to Meade, 
blue water gas usually contains about 100 to 120 grains of 
sulphuretted h\^drogen per 100 ft. 3 , i.c. O'i77-o*i94 % by 
volume, and 10 to 15 grains carbon disulphide per 100 ft.^, 
ue. o-oo7-o*oii % by volume. 

Blue Water Gas Plants 

Generally speaking, a blue water gas generator consists 
of a cylindrical chamber, lined with fire-brick, and provided 
^ith a gas-tiglit charging device at the top and with suitable 
air and steam admission conduits. It is important that the 
steam should be dry, while superheating, preferably at the 
expense of the h(St-water gas leaving the generator if the 
sensible heat of the ''blow'' gases is l^ing utilized, is an 
obvious desjderatufii." Since the steahiing is attended with 
a marked absorptiorf of heat, causing the temperature of the 
fuel to fall steadily dtiring the run, tl}e rate of reaction 
Vapidly falls oSi (cf. Bunte and Harries, Ti-ble 34). It 
would \)e* advisable continuously to reduce the rate of supply 
of steam, with improvement both as regards heat losses and 
the content of carbon dioxide, but ihis procedure is not 
carried out in practice, 
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Owing to the intermittent character of the operations 
it is necessary to provide a gas-holder as a balancer except, 
perhaps, when a battery of generators is employed. 

Although attempts are made to regenerate heat from the 
'' blow gases, e.g. in carburetted water gas manufacture with 
the Lowe system (vide infra) and from»the water gas by 
superheating the steam, in the Dellwik-Fleischer process, there 
is no doubt that much more might be done in this direction. 

The Lowe System of Operation. — The Lowe system, 
in which the “ blow ” period furnishes air producer gas, is 
the one chiefly adopted in this country, since its application 
to the manufacture of carburetted water gas — for which 
ultimate object mo§t blue water gas is produced — admits 
of economic utilization of the “ blow gases. For working 
on this system the* depth of fuel bed must be fairly great ; 
a depth of«6i ft., according to Meade, gives the best result, 
with the coke not more than 3 in. in diameter. The generator 
is usually some 20 ft. in total height. In most producers 
the steam is passed alternately up and down, in order to avoid 
chilling the bottom layers by the steam below the temper- 
ature necessary for combustion in the ''blow” period; 
in this way a more uniform distribution is effected. The 
** blow and “ make periods in this s>"stem of working are 
generally about 3 and 5 minutes respectively. The fuel con- 
sumed is usually about 60 lbs. of coke per 1000 ft.^ of blue 
water gas inclusive of the fuel required for raising the steam. 

According to Lewes, the percent^e composition of the 
blow • gases is— ^ 

Hydrogen 
Carbon lyonoxide 
Carbon dioxide . . . . 

Nitrogen • 

while Meade ^ves— * 

Carbon monoxide . . 

, Carbon dio:Side 
Nitrogen 


25 

29 

A 

64-5 

1000 


17 

10 

_73 

100 
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As stated above, the volume of the ** blow '' gases Is some 
3-4 times that of the blue water gas produced, about 30 % 
only of the carbon of the fuel appearing in the water gas. 

Dellwik-Fleischer System.— In view of the low thermal 
efficiency (about 35 %) of the Lowe system when used for the 
production of blue^water gas without regenerative arrange- 
ments, the more rational system of burning the carbon 
dioxide in the blow ** period was introduced by Dellwik 
about 1900 (cf. Dellwik, Trans. Iron and Steel Inst., (1900), 
i., 123). It is used extensively da the Continent but only 
to a limited extent in this country. 

In this system of working, a shallow, but frequently 
replenished, fuel bed— about 3 ft. thick— is employed, in 
conjunction with a powerful air blast, the “ blow gases 
containing some 2 % carbon monoxide (Lewes). As in other 
types of generator, the steam is admitted alternately at top 
and bottom of the fuel bed, passing through a heat-inter- 
changer before entering the generator, and so being heated 
by the effluent hot-water gas. On account of the mudumore 
energetic liberation of heat in the blow '' period, this 
odnipies only about 1-2 minutes while the run lasts 4-8 
minutes. 

According to a test carried out by Bone, using coke of 
87*4% carbon content (referred to the dry coke), 34*4 lbs. 
of tihe dry coke— 30 lbs. carbon— were required per 1000 ft.* 
of blue water gas at 15® C. (exclusive of fuel for raising 
steam), the average percentage composition being— 


Hydrogeij . . 

.. ■ .. 49-15 

Carbon monoxide . . 

42-90 

Carbon dio'S-de 

..... 390 

Me'chane ^ . 

.. 0-55 

Nitrogen 

.. .. 3-50 

1 

1 ^ 

ibO'OO 


and the ddorific value— 
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The **^net cold ** thermal efficiency was 60*5 % (excluding 
the fuel for raising the steam, etc.), 50*5 % of the carbon 
appearing in the blue water gas. 

Such high efficiency is, of course, not always realized 
in common practice. 

Kramer and Aarts Process.— The Kramer and Aarts 
process is a modification of the Dellwik-Fleischer process, but 
differs in the construction and operation of the generator. Twin 
generators are used, side by side, and are operated as follows : — 

The^fuel beds, of 5-6 ft. depth, are “ blown ’’ in parallel 
for about i minute, a powerful air blast being used. The 
resulting gases, consisting essentially of carbon dioxide 
and nitrogen, pass out at the top of the generator, together 
with secondary air to complete the combustion of any carbon 
monoxide present, to a regenerator consisting of two vertical 
shafts arranged side by side, packed with chequer-work 
and interconnected at the upper end, and then into the 
atmosphere. The fuel having been raised to a high tempera- 
ture ivk this way, steam is admitted at the bottom of one of 
the fuel beds, passing through the bed, up one shaft of the 
regenerator and down the other (the valve at the top 
communicating with the atmosphere being now closed) then 
down through the second fuel bed and escaping ‘through 
annular ports just above the grate. In this way the gases 
from the generator, together with any undecomposed steam, 
are superheated in the regenerator, and, as relatively littl^ 
heat absorption is thus demanded in |he second generator, 
very coAplete decomposition of steam and elimination of 
carbon dioxide take place at the resulting high temperature, 
the composition of.^the gas suffering less impoverishment 
during the “ run ” tl^ in other systems. After steaming 
for some 5 minutes the “ blow ” is fepeated, and then 
steaming is resume^ in the opposite "direction from that of 
the previous ‘*fmake ” operation. * • ^ 

The Kramer and Aarts system has the advantage of 
removing the gas frohi the fuel bed, f.e. from catalytic 
influences,* at the highest temperature zone, thus preventing 
cafbon dioxide formation by reversal of the water gas 
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equilibrium, and secures passage of the steam through twice 
the depth of fuel offered to the passage of the ftir. In a 
recent test of a Kramer and Aarts plant by Bone, using 
coke of 87*2 % carbon content (referred to the dry coke), 


the following data were obtained : — 

Dry coke per itoo ft .3 of gas at 15° C. = 287 lbs. =25*0 
lbs. carbon, exclusive of the fuelrequirea for raising the steam. 
The average percentage composition of the gas was— 

Hydrogen 45*10 

Carbon monoxide . . . . . . 4370 - 

Carbon dioxide 3*75 

Methane 0*50 

Nitrogen •■ . . 6*95 

and the calorific value — • ioc*oo 


^ross . . . . loz I c.H.U./ft .3 at 15^^ C. 

Net . . . . 149 5 

The net cold thermal efficiency w^as 0*705 (excluding 
the fuel used for raising the steam). 6o*6% of the farbon 
in the fuel appeared in the water gas. 

Figures are also given by Keable (J, Soc, Chem. Ind,, 
(1918), 644 A) ; 29*8 lbs. of coke were required per 1000 ft .3 
of blue water gas. Carburetted water gas may be produced 
with this plant if desired, the oil being sprayed into the 
second generator. 


4 


Carburetted Water Gas 

One of the chief af)plications of water ^as is as an inter- 
mediate product in the manufacture of carburetted water 
gas for the purpose of addition to coal gas. Carburetted 
water gas is really a mixture of blue water gas and " oil gas,” 
meaning by the falter term the prbducts of ” cracking ” 
petroleum oils at a 'high temperature. For the production 
of this mixture, the l/owe system is v^ell suited, and the 
‘carburetted water gas in this country is princi{}ally made by 
this system, the best known plant being that of Humphreys 
and Glasgow, an American firm. 

Briefly described, the process is cafried out in fhe follow- 
ing manner. The hot blow ” gases, consisting mainly 
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carbon monoxide and nitrc^en, are led to a “ carburettor 
down wfccb they pass, a siipply of secondary air being 
admitted at the top. The carburettor consists of a chamber 
packed with chequer-work, which is heated to a high temper- 
ature by the combustion of the blow gases. Leaving 
the carburettor the gases pass up a tall “ superheater '' 
chamber about twice the height of the carburettor, also 
packed with chequer-work, a further supply of air being 
admitted to complete the combustion of the carbon dioxide ; 
the products finally esciipe into the stack. During the 
run ’’ the blue water gas passes through the chambers in 
the same direction. Oil is sprayed into the carburettor at 
the top mostly during the first half of the “ run,*' so as to be 
swept out before the next ‘"blow”; in passing down this 
chamber ahd up Ihe superheater the oil vapours are 
converted pto gaseous products by contact with the brick- 
work, heated to about 750® C. 

The mixed gases from the top of the “ superheater ” 
are Iqfl to sulphuretted hydrogen and carbon dioxide purifiers. 
The sulphur content is much less than that of crude coal gas, 
and although naturally variable may be about 100 grains HgS 
per 100 ft .3 (0 x6 % by volume) ; the sulphur is, moreover, 
mo^y in the form of sulphuretted hydrogen which is re- 
movable by iron oxide, the final sulpliur content (CS2) being, 
according toM^de, 10-15 grains per 100 ft.^. The^composi- 
tion of the carburetted water gas is naturally dependent qn 
the proportion of oil used, generally about 2-3 gallons per 1000 
ft .3 of carburetted watef gas. It is nof usual to add more than 
one volume of carburetted water gas to two volumes of coal gas, 
in order to keep dovjii the final percentage of carbon monoxide, 
most town gas containing 15-30 % ofcarburetted water gas. 
The coke consumption is usually of the order of 45 lbs. of 
coke per 1000 ft. 3 of carburetted water gas, incluSve of the 
fuel for raisyg tfie steam. Acdbrding tc^ Meade (/. GaS 
Lighting, 117 , (1912), 2ii), the coke for the generatdV fe about 
37 lbs. coke/iooo ft .3 oi carburetted water ^as in good practice, 
Lewes states that the JLhermal efficiency of the^process may be 
high as 80 %, Meade gives 61 %. Table 29 gives a 
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typical example of the composition of carburetted water 
gas, the calorific value of which is usually about ^8o gross, 
275 net C.H.U./ft. 3 . 

Originally used as an enricher on account of its high 
illuminating power when burnt in a batswing burner — 
according to Meadq, about 18 C.P. as compared with 14 for 
coal gas— carburetted water gas is now used principally as 
a means of coping with “ peak and emergency loads in 
mimicipal gas supply stations on account of the ease and 
speed with which the plant can be smarted up, and of the small 
standby costs of producer plant in comparison with coal gas 
retorts, a bench of which requires about three days for 
heating up. Carburetted water gas is even used for distri- 
bution without admixture in the United States. 

Recently, owing to the difficulty of obtaining oil on 
account of the decreased tonnage and the demapds of the 
Navy, together with the tendency towards the replacement 
of the illuminating standard by a calorific standard*, blue 
water gas (i.e. uncarburetted) has sometimes been adde^, e.g, 
20 %, to coal gas. Such addition has previously been 
regarded with disfavour in thiscountiy^ where the percentage 
of carbon monoxide in illuminating gas does not often exceed 
16 %, on,accoimt of the poisonous properties of blue water 
gas with its high carbon monoxide content. 

The Humphreys and Glasgow plant at thq Beckton works 
of the Gas, Light and Coke Co. produces some 18 million 
rt. 3 /dayof carburetted water gas and consists of twin genera- 
* tors which can be operated in series tr in parallel according 
as to whether the quality or the quantity of the gas is of 
more importance. 

In the Humphreys^nd Glasgow and dther plants, special 
interlocking ‘devices are used to preve*ht the formation of 
explosive mixtures, etc, , 

• The carburet^g of water gas may al^ be performed by 
^the process, i.e. by the addition of benzol, this 

process being speedy suitable when the ** blow gases 
consist of carbon dioxide and nitrogen only. • 

Various proposals have beeh made W combined systenjs 
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effecting both destructive distillation of the coal and 
subseq^nt complete gasification of the coke with the aid of 
steam in the lower part of the same generator, the gaseous 
products being mingled except as regards the blow '' gases 
from the water gas production. 

Applications of Blue Wafbr Gas 

As explained above, the chief application of blue water 
gas is in connection with the manufacture of carburetted 
water gas. It is, howler, used in large quantities for 
heating purposes and in particular for the welding of large 
steel tubes .and plates, as its flame is short and of high calo- 
rific intensity, slightly greater than that of coal gas. Using 
preheated air it is*even possible to melt platinum. Some 
care is needed by reason of its poisonous properties and 
absence of smell, strongly smelling substances such as 
mercaptan sometimes being added to mitigate this 
danger. Blue water gas is also used in large and increasing 
quantities for tlie manufacture of hydrogen by the I^ane and 
other allied processes, by the B.A.M.A.G. continuous 
catalytic process, etc. Blue water gas is seldom used in 
internal combustion engines on account of its liability to 
pre-ignition, but may be used if the compression is not too 
high. To a limited extent, blue water gas is used*in furnace 
work, but is not so convenient for general purposes as semi- 
water gas, cf. also the remarks on p. 298 anent the bearing of 
high hydrogen content on the radiation from Barnes. Oaia 
pre-waj basis blue wat§r gas could begmanufactured at a cost, 
as low as ^Id.jiooo it.3 and carburetted water gas at about 
8d./iooo ft.3. • 

• ^kmi-Water Oas 

General. — The subject of semi-water g^s, by which 
general term we will denote the products depending on the 
action of a fixture of air and steam on incandescent carboa, 
is somewhat complex owing to the variety of the fdtimate 
objects of plants in wjiich the essential inaction is the above.* 

Genarally q)eakiij^, semi-water gas plants«may be divided 
into two classes : (i) those of)erating, usually on bituminous 
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coal, for the production of a gas which is used directly, in 
the hot state without any recover}’ of ammonia V other 
products, for furnace operations ; (2) those operated princi- 
pally for the production of pow-er. 

Gener^ Principles of Operation 

Perhaps the most important variables as regards general 
procedure in the manufacture of semi-water gas are (i) the 
nature of the fuel ; (2) the saturation temperature of the 
air blast, i.e. the ratio of oxygen tt) steam : and (3) the rate 
of gasification per square foot of grate area. 

(i) Choice of Fuel.— The statement already'made as to 
the possibility of utilizing almost any type of low grade fuel 
in a producer aj)plies particularly to the manufacture of 
semi-water gas. Tliis, however, should* not lx** taken as 
meaning that the nature of the fuel has no teclmical impor- 
tance ; on the contrary, it is a ver>' imj)ortant consideration 
in the design and performance of j)roducers. 

Of special importance are the caking propensities of the 
fuel, which determine the tendency to choking and channelling 
and, if highly developed, make the use of the fuel in a producer 
out of the question ; the nature and quantity of the ash, 
w’hich affect the difficulty of clinkering and the permissible 
temperature as determined by the air/steam ratio ; and the 
carbon content, which influences the physical properties of 
the fuel and the composition of the resulting gases, the 
calorific value Var3dng with the proportion of volatile hydro- 
' carbons in the fuel. ^ ^ 

An adequate treatment of the complex subject of the 
classification of solid fuels is beyond the scope of the present 
volume, but a brief indication of the\different varieties of 
coal is desirable. A ••very complete synopsis of the avail- 
able literature on the subject of the constitution of coal will 
be found in a monograph % Stopes and Wheeler, published 
,by the *T>hpartment of Scientific and Industrial Research, 
1918. Many attempts, none wholly successful, have been made 
to correlate the** pro])erties of coals witl^ their compositions. 
A classification due to Campbell {Trans. Amer, /«s^. 
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Mining Engine^s, 8tf, (1906), 324), and adopted by the United 
States Geological Survey, is given below : — 


GrouK 


C : H ratio. 

A. 

Graphite 

=0 -(?) 


Anthracite . . . . | 

(?) -30(?) 

C.5 

3 o (?)-26(?) 

D. 

Semi-anthracitic . . ^ 

26(?)-23(?) 

E. 

Semi-bituminous 

23(?)-20 



/20 -17 

G. 1 

Bituminous 

17 -14-4 

.H-l 

« 

14-4 -12-5 

I. ' 


'12-5 -II’2 

J. • 

Lignite 

11-2 -9-3 

K. 

Peat 

4. 

9-3-(?) 

E. 

Wood, Cellulose 

7-2 


Accor(Jing to Seyler's classification the carbon content 
works ou.% as follows : — 

Class. . . Anthracitic Carbonaceous Bituminous Uignitous 

dTaSi>93-3 93-3-9I-2 91-2-84 84-75 

the carbon being reckoned on the pure coal substance free 
from ash and sulphur. 

An important characteristic of coals, especially of bitu- 
minous coals, is the variation in their properties* as regards 
“ caking or agglomeration on heating in absence of air. 
The exact relation between this property and the composition 
is not definitely established ; it may, howevej, be statedjjjat 
bituminous cojils ma5^be classified roughly in the order 
I non-caking 

caking • 

*. coking 

according to the docrease of the carbon/hydrogen ratio. 

Nitrogen Content of Coal . — ^The percentage of nitrogen 
present in coal ^jaries somewhat, but is usually about 1*3- 
1-5%. TMs is equivalent to 35-41 lbs. N2/ton coal, *or 
137 -1 58 lbs. ammonium sulphate/ton coal. It is evfient that: 
with af ossible 70 % recovery of this nitrogen the quantities 
pf ammonia capabl# pf production would be very large if any 
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considerable proportion of the fuel cofisunied were gasified 
under suitable conditions. Thus 70% recovery cat 1*3% 
nitrogen is equivalent to 96 lbs. ammonium sulphafe/ton coal, 
the value of which sulphate is an important ffhction of that of 
the fuel. 

Sulphur Content of Cod. — Sulphur is present to the 
extent of o*5-2-5 % in coal, partly in combination with the 
mineral constituents of the ash, e.g. E&62, CaS04, and partly 
in the form of organic compounds. The latter volatilize 
on heating, but the bulk of the sulphur remains in the coke 
on destructive distillation. 

Other Deleterious Constituents of Cod. — Coal contains small 
quantities of arsenic and phosphorus; arsenic may be 
present to the extent of some 0*01 % by weight (cf. Wood, 
Smith and Jenks, ]. Soc. Chem. Jnd., {190.T), 437)., ^ 

An important point in the choice of fuel for a particular 
object is the question of tar elimination. The tat produced 
vith different fuels varies not only in quantity but also in 
qualit}^ the property of chief importance from our point of 
view being the ease of removal of the fog, which is particifiarly 
injurious when the gas is to be used in internal combustion 
engines ouing to its deleterious action by deposition on the 
valves, etc. Thus, in spite of the small proportion of volatile 
matter in* coke, the tar fog produced in the generator is 
specially difficult to scrub out. For such reasons, in order 
to avoid the use of elaborate scrubbers, etd., anthracite is 
u§iJ«lly employed in preference to the much cheaper bitumi- 
nous coal in relatively^ small “ suctiqn " po^yer gas plants, 
Generally speaking, however, bituminqfas coal is the usual 
fuel for semi-water gas production on a large scale. 

(2) The Saturation Temperature .*0! the Blast- 
In our prelinjinary examination of this\question we arrived 
at a saturation tempe/ature of 56° C. as striking the thermal 
balance for the idesd case* considered. In practice, however, 
it*is possiMe to operate over a considerable Ange of the 
pxygen/steam ratio according to the quality of gas required 
and the degree of regeneration, if any, of the sensible heat 
carried off by tHe gases 
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A valuable* lar^-scale investigation of the conditions 
influencirig the production of semi-water gas was carried 
out by BcJhe and Wheeler {Trans. Iron and Steel Inst., (1907), 
i., 126 ; (1908) 206), using a Mond type of producer with 

Lancashire bituminous coal.* The main results of the 
investigation are summarized in Table 35. 

Among the more important conclusidhs from this investi- 
gation may be menVioned the following: (cf. also synopsis 
of the same by Bone in his article on Fuel in Thorpe's 
“ Dictionary^ of Applied Chemistiy^” 1912) : — 

(i)« The mean final distribution of the carbon of the coal 
is as follow^ 

In the gas 92*4 % 

. n tar 6*3% 

ash 1*3 % 

• 100*0 

(2J The steam undergoes practically complete decompo- 
siticjp at saturations up to 55° C., above which temperature 
some steam passes through the fuel though the absoUite 
quantity decomposed per miit weight of fuel increases. This is 
due to the endothermic nature of the carbon-steam reaction 
which causes a lowering in temperature in the fuel bed 
imtil such tendency is balanced by the falhng rate of reaction. 

(3) Increasing the depth of the bed beyond 3J ft. and 

doubling the rate of gasification have little influence on the 
quality of the gas. • 

(4) •The degree of «featuration haf no great effect on the* 
'^net cold " thermal efficiency (includii^ the fuel required 
for raising the steam) except when the saturation temper- 
ature exceeds 60^ C. Above this* temperature a steady 
decline is observed^ The autliors conclude ftiat the best 
compromise between high theri^al efficiency* and the 
production 0^ a g<Jod furnace gasw^ith high^carboq monoxide 
content is obtained at 45-55° C., consequently 50^ would 
appear to be about the best saturation temperature (cf. also* 

* For*similar experiments cf. also Neumann, Slhhl und Eisen^ 88, 

4i9I3)» 394. 
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♦TABLE 35. 
Bone and Wheeler's Experiments 


Average depth of fuel bed 3 ft. 6 in. 

♦ 

Average rate of gasification (day shift) per\ i . 

hour per producer .. ^ ' 


Steam saturation temperature ®C 

45 50 

55 

60 70 

/H, .. 

ii‘6o i2‘35 

15-45 

15*50 19*75 

CO 

3 1 60 30 60 

2810 

27 30 20*85 

Percentage composition j COj 

2*35 '2-50 

4 - 4 C 

510 9*25 

CH4 

3 05 3 00 

300 

3*05 345 

N, 

51-40 y 55 

4905 1 

49 05 4670 

Total percentage of combustibles 

46 2 49^95 

'P 

1 0 

' 

45-85 44 05 

Calorific value, C.H.U./ft.* \ Gross 

94*8 94 0 

95'2 

94*1 92-4 

at 15* C. f Net .. 

89-8 88’8 

890 1 

87*9 84*8 

Coal used per 1000 ft.* of gas at 15® C. Lbs. 

15 9 i6*o 

1 6*0 

15-7.. — 

Steam added to blast. Lbs. per lb. coal . . 

0*2 021 

032 

o’ 45 , — 

Peitentage steam decomposed 

all all 

all 

760 — 

Total percentage carbon losses (tar, ashes, 




soot) 

7'3 7’9 

915 

8*0 — 

Air used pcnlb. coal. Ft.* at 15° C. 

40 9 407 

3877 

39*50 — 


n i.- £ oxygen from steam . 

Ratio of , in the semi- 

oxygen from air 

•water gas 0 33 

r 

Net cold thermal efficiency as in trials, • 

‘ including steam for bloweA . . . . CF73 

( 

Ditto/ including also sluam for the washers — 

Net cold thermal efficiency ^eluding fuel 
for raising the steam for the blak (if \ 
boiler efficiendy *70 per cent.), also steam 

for the blowers and wasoers . . . , — 

• 

^monia in the gases. Lbs. ammonium sul- 
phate/ton ftoal .*. — 


0-33 

03 

1 

042 1 

044 

<^73 

o-yii 

0 722 

o*V 25 


In the actual trials exhatis^ steam was 
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<W Semi- Water Gas Production. 


7 ft. 

11*5 cwt. 


60 

— 

65 

70 

• 

75 ! 

80 

i6-6o 

18*30 

19*65 

21*80 

22*65 

2730 

25*40 

21 'JO 

18*35 

1605 

525 

6*95 

9*15 

11*65 

13*25 

3*35 

3 * 40 ^ 

3*40 

3*35 

3*50 

47*50 

45 * 9 « 

46*10 

44’85 

44*55 

47 * 23 * • 

47 -»o 

44*75 

43*50 i 

42*2 

97‘7 . 

97*6 

93*5 

906 I 

8 q *3 

gvi 

90*6 

«6o 

82*8 I 

81*3 


15-8 

15*0 1 

14*6 ' 

14*4 

• 0*45 

0*55 , 

o*8o 

IIO 

1*55 

870 

8o*0 ! 

1 

61*0 

52*0 

40*0 

5'8 

7-8 j 

8*1 

7*1 

8*4 

38-98 

368 

36*7 

38*9 1 

1 

* 39*1 

0-50 

t 

^ 0*62 

0*65 

0 * 75 . 


oo 

0 

1 9 

o* 75 J 

0*727 

% 

0*701 

1 t 

1 0*665 

0*715 

0*687 

o*66o 

•0*640 

0*604 


•• 

• 





f 


• 


0*687 

0-655 

0*630 

9 

0*611 

, 0-578 


• 

• 


, • 

. 39*0 

• 447 

^ 

51*4 


A 


used except at the saturations over 65® C. 
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Voigt, /., Gas Lighting, 109 , {1910), 168). For this 
temperature, at which it is found possible operate 
continuously, the gas has the percentage coipposition 


Hydrogen 

12-35 

Carbon monoxide . . 

30-60 

Carbon(dioxide 

2-50 

Methane / 

3-00 

Nitrogen . . . . . 

51-55 


Attention is drawn to the importance of the fact that 
when used for regenerative furnaces the gas entering the 
regenerators should be of such composition, including its 
moisture content, that no change should be set up by establish- 
ment of the water-gas equilibrium (at any rate in the direction 
of converting carbon monoxide into carboa dioxide by reason 
of the presence of too much water vapour) at the temperature 
in question, namely about 1100-1200° C. Thus, the gas 
obtained at 50° C. saturation temperature of the blast, when 
saturated with water vapour at 20° C., and having conse- 
quently a composition of 


Hydrogen . . 

I2-I 

Carbon monoxide . . 

29-9 

Carbon dioxide 

2-4 

Methane 

2-9 

Nitrogen 

50-4 

Water vapour 

2-3 

100-0 

ue of 

1 


K ^ ^9-9 X 2-3 
2*4 X 12*1 

' = 2-37 


approximsitely equal to^ that corresponding to the regener- 
a^r temperature (cf. Table 32), and^fe found to pass 
unchanged thropgh the regenerator. 

* (5) The methane content is independent of the steam/air 

ratio, indicatiijg fliat its presence is due mainly to 
destructive distillation. 
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The actual proportion of steam used in practice will 
depend, df^ourse, on the moisture content of the fuel, thus, 
peat may requirg no addition of steam, while lignite requires 



relatively little. As seen in the production ^of air* producer 
5 ^, it is advantageo&? from the point of view of low carbon * 
liozide ct)ntent, to rim at a temperature not below 1000® C., 
on the other hand; high 'working temperatures involve 
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greater losses of sensible heat in the gases and of heat by 
radiation, and also give rise to clinkering tronfcfes. The 
steam/air ratio will consequently depend oq the nature of 
the ash, its quantity and fusibility, and incidentally on the 
ty’pe of grate, depth of ash, etc. Fig. 23 gives the relation 
between the saturation temperature and the proportion of 
steam present in the blast. j 

For ver>’ low grade fuels with hi^a ash content special 
producers are constructed. 

(3) The Rate of Gasificati/on.— In the above cited 
experiments by Bone and Wheeler tlie rale of gasilicalion was 
as high as 35 lbs. hour ft. ‘ grate area, and a siniilnr perform- 
ance is claimed in the “Alma “ producer—moditied Mond 
ty'pe— designed by them. 

I'he ratc-s attained in usual working arc^ howevt*r,''more of 
the order of 15 Ibs./hour/ft.- grate area. 

The nature of the reactions taking place in the generator 
is well illustrated by the experiments carried out by Wendt 
on a technical semi-water gas producer with a fuel, bed 
of 7J ft. depth. 


']A15LL ;>> 

\V!.N*I,n's liniMI N'T.S ON SKMI-WMIK l*I'‘ODl’CTiC'N 


Ilcijshl abc’Vt 
tuytn 

s. 

Tmijx^niturt 

n., 1 

(0 

C()2 

CMif 

N2 


0 * 



1 



n -4 



791 

1 95 

10 

1110 

10-5 

22 0 

9 5 

04' 

57 5 • 

— 

20 

— 

. 

2bO 

55 1 

09 

5 i '9 

1 — 

30 

925 

1 179 ! 

327 1 

3 <» 

r2 

452 

1 — 

40 

— 

21 b 

287 

5 'fJ 

50 

395 

— 

5 « 

810 

207^ 

28 3 

Oo 

/ 4-8 

40*2 

! — 

Oo 

— 

190 

2H‘0 

53 ; 

41 

Ai’O 

— 

Outlet 

< 4 ^ 

14-0 

2O 8 

55 ‘ 

3’4 

497 

; — 


Tar was present at and above yie zone.^o in. aboVe the tuydre. Depth 
* ot fuel, 7' 5C. • « 

4 e « 

It will be noted that the temperatures are considerably 
lower than those in the corresponding tests in the same 
generator in the absence of steam Q}. 314). The carbon^ 
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monoxide concentration rises to a maximum and the carbon 
dioxide concentration falls to a minimum at 30 in. above the 
tuyere, the lessrfavourable water gas equilibrium at the lower 
temperature in the upper regions causing conversion of 
monoxide into dioxide. Methane and hydrogen are given 
off in the upper layer from the bituminqjis fuel, much of the 
sensible heat of the^ases being absorbed in the process of 
distillation. \ 

Semi-Water Gas Plants 

• 

General— The plants for the production of semi-water 
gas Ilia} described under the two general headings of 
j)ressure plants anc^ suction plants according as the pressure 
in the genemtor is greater or less than atmospheric. Pressure 
plants are used for all furnace gas production and for most 
large pov^er installations (over about 500 H.P.), while 
suction plants are convenient for relatively small power 
plantl. 

Pressure Plants. — A pressure gas plant consists 
essentially of a vertical cylindrical shaft lined with firebrick, 
having a fuel bed usually about 3-7 ft. in depth, and suitable 
arrangements for charging from the top, e.g. by the use of 
a double cone hopper, without loss of gas. A definjte mixture 
of air and steam is blown upwards through the fuel bed, 
either by a ste*im injector or by a fan or blower, the steam 
in the latter case being introduced either directl y or Jb y 
passage of the air through or over water ’healHflEj^e 
appropriate teiftperatiffe. It is impoftant to have a thorough* 
knowledge and contfcl of the steam/air rjtio at all times. 

Uniformity of^the blast throughout the fuel bed is all- 
important. The ine‘|liod of effectiilg such distribution varies 
from the practice ot using as tuyere a4)erforat?d hut-shaped 
box as in the Duff producer, or .some other distributing 
device at tbg botl^m of the geiferator, to, the method m®6t 
usually adopted of enclosing the grate in an airtigMt casing 
to which the blast is .. tii)plied. The grj^te may consist either 
of horizontal fire-bys or of circumferentiali}' disposed bars 
inclined at about 45"^ C. to Ihe vertical, e.g. as in the Mond 
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and Alma producers. The area of the grate should be 
approximately equal to that of the generator section, other- 
wise excessive local heating and dinkering are liable to 
occur, 

A point of great importance is the provision of suitable 
means for effecting the removal of the ashes. In most 
types, e.g. the Mond producer, the casina' enclosing the grate 
is open below and is sealed by water, ^is procedure allowing 
of the removal of the ashes through the water without inter- 
ruption of the working. Considerable trouble is cau^d by 
the production of clinker, which is difficult to remove and 
offers resistance to the passage of the blast, ahd by the 
adherence of such clinker to the lining in^he zone of highest 
temperature, i.e. just above the grate; consequently, 
in some plants, e.g. the Kerpely, the walls of the producer 
corresponding to the lower third of the fuel bed are water- 
jacketed. This procedure has also the effect of furthering 
ammonia recovery (vide infra). In this generator the 
ashes are automatically removed by means of a special 
revolving grate. This consists of a perforated eccentrically 
constructed conical furnace bottom mounted in a circular 
trough which revolves once in 2-4 hours, a water-sealed 
joint being, made with the furnace casing. The eccentric 
construction has the effect of breaking up and ejecting 
clinker. Air may be admitted either uniformly over the 
whole of the conical surface or preferentially at the 
centre drtue periphery. In order to protect the fire-bars of 
producers from the hi^h temperatures atteiding thb first 
action of the air ot^ the fuel and to mmimize loss of heat, 
a fairly deep layer of ashes rests on the actual grate, but for 
small producers this p^bcedure is ndt always followed. 
Arrangements are pror/ided in some types of producer for 
automatically clearing the fire-bars. According to recent 
tests by Bunte ai^d Terres {J, Gasheleucht., 61 , *(1918), 433, 
j45) wMr Keipely-Marischka producers, the thermal 
efficiency was 81 ‘6 %, while the loss by radiation was equiva- 
lent to about 2*% of the total heat, ^ the steam being 
generated by the water-jacket boiler. 
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A. high rate of gasification is important and depends on 
adequate? grate 'area and on the avoidance of choking and 
channelling in ^le fuel bed. Such troubles may be caused 
By the fuel being too small or having a tendency to cake. 
In the Kerpely producer referred to above, four special J- 
shaped stirrers are arranged in the upper4)art of the fuel bed 
and slowly revolve al^ut their axes and also as a whole roimd 
the furnace. This t\e of producer, which is used chiefly 
on the Continent, is well suited for the gasification of very 
low grade fuels, in treating which blast pressures up to 30 
in. of *water are employed. It was shown in Bone and 
Wheeler's experiments (p. 329 et seq.) that a shallow fuel bed, 
of 3 J ft. depth, gave a carbon dioxide content approximately 
equal to that obtained with the 7-ft. bed, and in addition 
g^ve a higher rat? of gasification owing to the decreased 
resistance pi passage. Further, less trouble with clinker 
and adherence of same to the producer are experienced. 
Many J)roducers are operated with beds of about this depth, 
whilg in others depths up to about 7 ft. are used. 

As regards the influence of the size of the fuel on the 
reaction velocity, the active surface exposed will be roughly 
inversely proportional to the size of the lumps of fuel. Dr\’- 
ness of the steam is important, and in many producers a 
pre-heating is effected, either by definite heat-interchange 
with the hot gasg s leaving the producer, or by passage through 
the annular space surrounding the lower part of the proijgif . 
Xhe blast pressure in pressure producers is usu^nya^ut 
3-6 in. .of watA:, but^ay be as lu|h as 20 in. or even 
higher. Some prodJbers have a bell p^^ojecting into the 
upper part of the interior in order to minimize tar production 
by compelling the ^cjiucts of distillation of the upper layers 
of fuel to pass through the highly heat%d zone ;* the efficacy 
fe, however, doubtful. • • 

Useful da^a refq^ng to the of)eration qf various make® 
of producers are given by Mills (Trans* Inst* lining 
Engineers, (1915), 723V 

Ammonia Recovery and Cleaning of* Semi-Water 
Qas.— The extent to which the purification of semi-water gas 


22 
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from suspended mattet is carried, is necessarily dependent 
on the purpose to which the gas is to be put. If. t2) be used 
directly in furnaces, the 5 % or so of the total carbon going 
to tar is with advantage left in the gases both on account of its 
calorific value and to avoid loss of the sensible heat of the 
gases, the temperature of which is usually about 500-600° C. 
on leaving the generator. When sucl^ purification of the 
gas is necessary, principally in the j^/roduction of gas for 
power purposes, the removal of the tar, except in the case of 
relatively small suction plants, is usually performed in con- 
junction with ammonia recovery and it will be advantageous 
to consider the two operations together. In the first place, 
when ammonia recovery is to be effected it is necessary to 
keep down the temperature in the producer (cf. Table 24, 
p. 216, relating to the concentrations of ammorda existing 
in equilibrium with nitrogen and hydrogen at high tempera- 
tures), and this is usually accomplished (i) by tie use of a 
large proportion of steam in the blast, (2) by cooling thJj walls 
of the generator. 

The influence of the steam/air ratio is well shown by the 
experiments of Bone and Wheeler (cf. Table 35), in which 
the ammonia recovered is seen to rise from 39 to 72 lbs. 
ammoniupi sulphate per ton coal according as the saturation 
temperature is changed from 60° C. to 80° C., equivalent to 
a variation of the we^ht of steam per lb. fuel from 0*45 to 
i^lbs. This advantage is, of course, gained at the expense 
ofac 5 l!ttueral)le increase in the percentage of carbon dioxide 
and of a greater loss offbeat in the gates. < 

In the Moore producer for anlmonia recovery (cf. 
Engineering, (1915), 326), by water-jacketing the walls of 
the producer of which the upper part i^ a& cooled, the water- 
jadcet acting as a st^am boiler, it is claimed that effective 
ammonia^recovery can t^e secured with the use of only about 
^ lb. stea^i/lb. f^l, half of which steam^is generated by the 
annulan boiler, <as compared with to 2 lbs. m usual Mood 
practice. The gas produced has the percentage com* 
position— 
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Hydrogtxi . . 

26*0 

Cart)on monoxide . . 

. . i 8*4 

CarJ)on dioxide 

. . ii’6 

Methane 

2*2 

Nitrogen 

. . 40*0 

Water vapour 

... 1*8 

100*0 


and leaves the generator at a temperature of about 200° C. 

Mond Process. — Thp first attempt at gasification of coal 
with ammonia recovery and the production of a cheap fuel 
gas was dua to Mond, who erected an experimental plant in the 
Midlands in 1879 ; the success of this experiment led to the. 
construction of the present large plant. In the Mond process, 
the air-steam blast is led into an annular casing surrounding 
the lower part of the producer and serving to some extent as 
a pre-heater. The grate has inclined fire-bars and is water- 
sealed*. In view of the high steam content — about 2 lbs. /lb. 
coa^ equivalent to saturation at about 85° C. — only J of 
which is decomposed, it is necessary to arrange for the 
efficient recuperation of the sensible heat carried away from 
the producer thereby. The gases, together with the excess 
steam, leave the generator at a temperature in the region 
of 500-600° C. and pass first to a heat-interchanger, being 
cooled to ^00-400° C. by the counter-current flow of the 
air-steam blast entering the generator. Further reduction 
is effected in a water washer fitted with agitator^{^ijSldPii(^ 
the tai is mosljy removed, and amijionia is abstracted by • 
passage up a tower (|Dwn which a solution containing about 
36-38 % ammonium sulphate and solne 2*5 % of free 
sulphuric acid is flcAvijig. The gase&emerge at a temperature 
of about 80° C. , and are cooled in a further tow«r with water ^ 
which is subsequently utilized for the saturation o{ the blast 
at about 75° C. ih^a third tow%r. In the recent t5q)es of i 
plant built by the Power Gas Corporatioi,^ the ^o^ers are J 
sometimes replaced horizontal chambers. By means of* i 
a further quantity of steam the saturatiftn is /aised to 85® C. % 
«nd the wet blast eiters the generator after traversing the 
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heat-interchanger referred to above, wherebv its temoera- 
ture is raised to about 250® C. 

With bituminous coal containing % nitrogen a 

recovery of about 80-90 lbs. ammonium sulphate/ton coaf 
can be realized on the Mond system with a yield of gas 
equivalent to about' 160,000 ft.^ at 15° C. per ton coal (i4‘0 
lbs. coal/iooo ft.3 at 15° C.) of calorific i'alue about 87 gross, 
78 net C.H.U./ft.3 J 

A representative analysis of semi-water gas with ammonia 
recover}^ is given in Table 29. It will be noted that the 
hydrogen and carbon dioxide are high and the carbon mon- 
oxide low. The large plant operating at Dudlty Port on 
the Mond system produces gas of net c^orific power about 
75 C.H.U./ft.3at 15° C., which is distributed over an area of 
about 120 square miles, the cost (pre-war) being about 
i}(/./iooo ft.3. The chief drawbacks of the Mond process are 
the high percentage of inert matter— nitrogen, carbon 
dioxide— present in the gas, and the large capital outlay 
which renders a plant of turnover less than about 1 50* 200 
tons coal/week unprofitable. The latter objection, it is 
claimed, has been met by plants of later date, e.g. the Crossley 
plant, which claims to work profitably with a weekly fuel 
consumption of about 100 tons, the Lymn plant (Engineering, 
(1915), 624), etc. In the Crossley plant the general procedure 
is similar to that followed in the Mond process, the main 
dig erenc e consisting in the replacement of the towers by a 
seriesoTtnambers fitted with revolving paddles. In these 
chambers cooling and ammonia attsorptidn are effected, 
the hot liquor— at jibout 80® C.—being Circulated to saturate 
the incoming air— at about 60® C.— and, returned at about 
40® C., slightly acidified*Wth sulphuric <icid, to the absorbing 
chamber, a portion being periodically removed for evaporation. 
It is possible to gasify successfully even such fuels as lignite, 
peat, etc.„contai|dng 60 % •moisture, by tfie Mqpd process. 


Use of Semi-Water Gas for Furnace Operations 

The most important application 0/ semi-wateif gas for 
furnace work is in the Siemens* open-hearth furnace for sted 
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melting. The hot gases leaving the generator at 500- 
600® C. and coKtaining a considerable amount of tar, are led 
M:o the regeneifttor which consists of chambers filled with 
chequer-work. The chambers are traversed alternately 
by the products of combustion in the furnace and by the 
incoming gas and air, the two lattqr entering through 
separate chambers,? of course. The temperature in the 
regenerator is in thX neighbourhood of 1100-1200® C. and 
the steel is heated to aoout 1600° C. 

Aqpording to HadfieU (5oc. Brit. Gas Industries, Presi- 
dentiad Address, April i8th, 1918), the volume of air used 
in the practical operation of such a furnace is found to be 
from I J-2 times tjiat demanded by theory ; the volume 
of semi-water gas required for the melting of i ton of steel 
in the open-heartt furnace is stated to be about 48,500 ft.3 
or 21*6 ft.?/lb., equivalent to a thermal efficiency of the order 
of I7j%, taking the net calorific value of semi-water gas as 
85 C.H.U./ft.3 

Stress has already been laid on the importance of avoiding 
excess hydrogen and of maintaining a high carbon monoxide 
content ; 12-14 % hydrogen is considered the maximum 
which is desirable (Bone), both on account of the radiation 
from the flame and the danger of back-firing. , 

The Production of Power by the Combustion of 
Semi-Water Gas in Gas Engines 

Some reference has already been made to the Jtv&nfiqges 
of internal coitbusticfi engines foi the generation of power* 
especially for relati^ly small units. Since, as we shall see 
later, the overall net efficiency', i.e. inclusive of the steam 
for the generator •aqd the power ftJr operating the blowers, 
scrubbers, etc., of a gas producer n^iy be sarfely taken at 
75 %i then for 7000 C.H.U./lb. co^, we have 5250 C.H.U. 
in the gas. ^No\?,the efficiency* of a modem gas engine^ is 
about 27 %— referred to being pr^cticaUyiindepen- 

dent of size over say ioo H.P. The useful power productiorij 
therefote, will be eauivalent to 5250 X* 0*27 C.H.U. = 1417 
•C.H.U., and since * i B.H.P.H. = 1415 C.H.U., to ^ 
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1417/1415 B.H.P.H. = TOO B.H,P.H./lb. cojl ; overall 
effidencv being 1417 7 ikx> = o*202. With lOO 
I lb. of coal would produce about 7000/1415 B.H.P.H.^ 

Losing steam j)owcr, on tlic other hand, with a boiler 
efficiency of say 75 "'o. rcpR’Scntati\*c ol good practice, and an 
engine efficiency t»f« siiy i5‘'o* value only obtained nith 
large units. «v ba\*c a final power pro^ction equivalent to 
;000 \ o /j A 075 CH.V. lb. eoa\"^pj CHll ^7577415 
B.H.P.H. = 0-56 B.H.P.H. jyer Ib. coal, or 1 B.H.P.H. for 
i '8 lbs, coal, the overall efficiency l^eing 787 7000 = 0 ‘JJ 2 . 

It should be pointed out that the above values apply 
only to very^ large units. In the case of gas engine's, however, 
the hgures are only slightly lower for plants of say 100 H.P. 
or even smaller, while the efficiency for a sjmilar steapi plant 
may be of the order of half. On the other hand, the very 
large modem turbine sets now in vogue for electrical power 
generation give an almost equivalent efficiency, e.g. the 
35,000 H.P. Parsons turbine plant recently installed at the 
Fisk Street power station, Chicago, uses steam equivalent, 
if we take a boiler efficiency of 75 %, to about i lb. coal per 
B.H.P.H. ; this represents an efficiency of about 27 % in 
the steam turbine. Another point in favour of steam plant 
for large power units is the lower maintenance cost. 

An interesting possibility of increasing the overall thermal 
efficiency of the power production lies in the utfiization of 
thg senile heat of the exhaust gases of a gas engine, e.g. 
by passag^'through Bone-Court or other boilers and utilizing 
the steam thus produced in the usual way.* With Such a 
procedure, from th^ 40 % or so of the neat units of the gas 
which leave in the exhaust (= 40 x o*;i5 = 30 % of the 
original calorific value ofthe fuel) takitg a boiler efficiency 
of 075 and an engins efficiency of 015, we have another 
30 X 075 ‘x 0*15 % = 3»4 % to add to tl^ overall thermal 
efficiency. • An alternative Scheme is to generate steam by 
^rect cdbbustioii of producer gas, produced from very low 
grade fuel, under the boilers. The foregoing remarks as to 
efficiency relate blso to gas engipes worliing on blast fumaoe 
gas (vide in/ra). * 
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Plants for Power Generation.— For this purpose we 
have a^tJaoiceV of pressure plants, either with or , without 
^ammonia recovery, and suction plants, and of using as 
fuel anthracite, coke, bituminous coal, lignite, etc. The 
respective economics of the alternatives are somewhat 
complex but it will suflSce to give a few generalizations. 
Suction plants are ifsed up to sizes of tie order of 500 H.P. 
on account of their gWter thermal efficiency and are usually 
operated with anthraate or gas coke for relatively small 
plants^ say 230 H.P., t^ avoid the troublesome cleansing 
treatment, with its attendant loss of pressure on the engine 
suction pipe, necessary with bituminous fuel. When, 
however, very large plants are required, of 1000-2000 H.P., 
the imj^ortancq of ammonia recovery and of the utilization 
of low gra*de fuel outweighs the cheapness and convenience 
of the suction plant. 

In all cases, it is important to remove the tar very tho- 
roughly and to cool down the gases practically to atmospheric 
temperature before admission to the engine. Using anthra- 
cite the problem is comparatively simple and scrubbing in 
towers containing coke moistened with water is often sufficient, 
though this is sometimes preceded by passage through atmo- 
spheric coolers, and, when using coke or inferior anthracite, 
further treatment in a dry sawdust scrubber may fie required. 
With bituminous coal it is necessary (i) to take steps to 
minimize the production of tar in the generator, or (2) to use a 
centrifugal or static extractor after the s(lrubb«!rJ3>»‘^‘%etj5od 
(i), which is ribt so Auch in favom^ as (2), depends on the* 
passage of the gasei arising from the distillation of the fuel 
in the upper layerj of the generator, through the zone of high 
temperature, ^.g.,in^e Dowson pkfnt a supply of secondary 
air is taken in at the top of the pro^pcer and the gases are 
withdrawn at about the centre of the fuel bed ; m the Duff- 
Whitfield pii)ducef the tarry vapours fronj the upper par^of 
the producer are drawn away by steam inj^ctors^agd forced 
* upwards through th^ lower, high temperature zone of tht 
fuel beS, the gases Reaving at about the cantre of the bed. 
•The ** cracking ** of *tar proceeds very slowly, however. 
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wiraKl “ generky considered 

p eferable. (2) Static tar fog separators usu/Jly (impend on 

principle of bubbling the gas in fairly fine streams through 
ter, as in the Livesey apparatus, the gas passing through’ 
naiTow orifices or slits ; or in subjecting to abrupt changes 
rection by smtable baflles as, e.g., in the Pelouze and 
Audouin separator. Surfaces covered with a film of tar are 
muci more efiicaaous in the removal/ suspended tar than 
with water. In the Smith Gas Power 
wf^ * separator, the gas is, filtered throi^h a glass- 
w^I mat, a pressure drop of from 2-4 Ibs./in.* teing ieces- 

W •centrifugal 

iZ centrifugal fan extractor, the 

S periphery from one 

• rotating disc fitted with Vanes, to the axis 
on the other side. Mention may also be made of the method 
of electrostatic separation which has been found to effect a 
^tefactory removal of tar (cf. White, Hacker and Sfeere 
7. Gas LxgUifig 119 , (1912), 825 ; White, Rowley and Wirth.’ 

7. Soc Chem. Ind., (1914), looo ; Steere, Ib., (1914), 1144 • 

loai^ ’ August 13th, it is stated that 

If ^ treated with a power expenditure of 0 0008 

K.W H./i^ ft.3. In all scrubbing appUances for suction 
plante It 1^ important to make the loss of head as small as 
po^ble as pomted out above, hence sawdust filters, etc. are 
perfei^ly made of disc form rather, than long and narrow • 

soAetiii^ boater fan is inserted before the Lgine. 

* uction Plants.— Tteprindple of drawing/he gas tjjrough 
e general by the suction of the eqj'ine (originally sug- 

ge^d by Berner (1896), the technical developiTnt of Se 
modem g^ engme operating at high cpnrpression on gases 
of low ^on^c vdue being mainly di/e to the pioneering 
work of Dow^n) has led to the evolution of a veiy comp^ 

plays an 

mp^t foie in power generation and destined to have ' 
^ven greater importance in the future. 

Sudion plants h&ve an advantage in the reduation of ' 
of carbon monoxide poisoning owifig to the prevajla^i ; 
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negative pressure. Gas from pressure producers has usually 
a slightlf^ bighe\ calorific value than that from suction plants, 
(10-20 %) ; ftyther, the pressure drop with the latter, of 
ihe order of 6 in. of water, renders the power development 
with a given engine somewhat smaller. In the smaller 
suction plants the steam is often genejated in an anntilar 
boiler disposed as a jacket to the generator, loss of heat by 
radiation being thus ^nimized ; in other types the sensible 
heat of the gases is utilfeed in a multitubular vaporizer ; flash 
vaporizers are also empjpyed. The result is to make the 
overall thermal efficfency somewhat greater than for pressure 
producers with independent boilers. The sensible heat 
of the exhaust gases may be. employed for steam raising as 
e,g. in the Smit^i (Ohio) plant. 

A pbint in connection with suction plants requiring some 
attention is the lag in the response of the generator to a 
sudden variation of load on the engine ; if the load has been 
light for some time the temperature in the fuel bed will fall 
ancl on a sudden rise in the gas requirements, only a poor gas 
will be available for a period. This difficulty is minimized 
by the use of a gas-holder and by allowing the gas to go to 
waste during such ** heating up ” periods, or alternatively, 
by making some gas to waste during the light l^ad period. 
In some cases automatic steam regulation operated by the 
gas-holdeiys provided. 

On starting up a suction generator the procedure is to 
** blow up ** the producer with an auxiliary faii,*tiie gases 
passing to the iue unfU of sufficientl}*good quality, as judged* 
from the flame at a\est cock. The depjh of fuel bed varies 
from 2-3 ft. according to the size of the plant. According 
to Burt, the volume of the generator varies from 0*12 to 
0’i8 ft.*/B.H.P. as the capacity increases* from 20-100 
B.H.P. ; the grate area is usually .some J that of the cross- 
section. Gaging 1 % the necessit>*for contiguous vjDrking oyer 
long periods, ampl^ capacity must be allowed for Aeiaccumu- 
^lation of the large lumps of clinker^ charging of fuel » 
tisually* performed ^only at intervals of say 6-12 hours, 
?idequate fuel capadfy being provided. The arrangement 
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of a layer of ashes above the fire-bars is usual in suction 
producers. The rate of gasification is of th€!^order*bf 15-30 
lbs./ft.2 depending on the fuel burnt. Special types of 
generator are used for small, waste fuels, etc., as, e.g, the 
Ruston plants for the gasification of sawdust, straw and the 
like. Even untreatfd seaweed may be used. Owing to the 
method of generating the steam in suctidn plants the satura- 
tion temperature is liable to vary considerably both from 
time to time and from one plant to another ; less variation is 
experienced with flash vaporizers with automatic regulation 
of the water feed. The net thermal efficiency, allowing for 
the power of the suction and including the generation of the 
steam, is usually 75 % to 80 %. Fuel consumption varies 
from about 12 Ibs./iooo ft.^ of gas at 15° C. with anthracite 
to about 16 lbs. with bituminous coal. 

Use of Suction Gas in Internal Combustion Engines. 
—Reference to Table 29 will indicate that although consider- 
able differencesexist between the calorific values of the various 
fuel gases, e,g. that of coal gas is some 4 times that of suction 
gas, there is httle difference between those of the theoretical 
mixtures with the necessary air for combustion except in 
the case of semi-water gas, air producer gas, and blast furnace 
gas, whicl\ have slightly lower values. Further, in practi- 
cally all cases gaseous fuels are used with a sufficient excess 
of air (a relatively small excess being requiredr^for semi- 
w^ter gas, blast furnace gas, etc.),* to reduce the calorific 
value of the mixture to about 25-30 C.H.U./ft.^, it being 
*8pecially necessary to Keep down the ^^orifit value in very 
large engines. , • 

The permissible degrees of compressicgi without causing 

pre-ignition are given by Lucke as : — 1 

« 

Gas. \:oal gas. Semi-water Blast furnace 

0>nipiessi^ (lbs./in.* ) ' *“• » ***• 

fezoess pRssure)* ) * ^35 * • ^55 

• • . 

! Trouble experienced with pre-i^tion is usually attributed ;^ 
to the presence of excess hydrogen, but cousideraUe doubt > 
l^>pears to exist ou the point ; &pparen&y mixtures as ricM^ 
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40 % hydrogen can be worked successfully if the com- 
pression M no^too great (cf. discussion on paper by Bone 
jnd Wheeler, p.iB29) . There is some evidence to st^gest that 
pre-ignition may be caused by the minor constituents of semi- 
water gas, e.g. to traces of carbon disulphide, acetylene, etc. 

An interesting discussion of the abov^ mentioned points 
relating to gas engines will be found in a paper by Tookey 
{J, Soc, Chem, Ind., 309). As regards the volume of 

gas required for the production of i B.H.P.H. = 1415 
C.H.U*, taking the effidency of the engine at 27 %, the heat 

units required in the*gas 

• 

= = 5250 C.H.U. 

and, taking the ^net calorific value of suction gas as 
70 C.H.U./lt.3 at 15° C., we see that the requirements are 

This applies to a fairly large plant. 

According to Brame, coal gas becomes less economical 
than suction gas when the plant exceeds about 50 H.P. 

We have seen above that the production of B.H.P.H. 
should require the gasification of about i lb. of coal, and this 
amount is closely approached when anthracite is»used even 
in small plants and is improved upon in many. 

Coaf Gas as a Fuel . 

m 

It is not pr<^osed Jp enter into a description of the manu-. 
facture of coal gas, %n average composition of which may be 
found in Table 29. *The composition varies to some extent 
with the temperattire of carbonization and with the size of 
the retort and is s<Snewhat different with the^ modem con- 
tinuous system. The effect of high (ferbonization tempera- 
tures is to raise the percentage^ of hydrogen and to lower 
that of metlfline. *The coal reqriired per looo ftf® of gas^t 
^15® C. is usually ^of ^ the order of 17-20 IBs. ^he formej^ 
st^dard wasone of illuminating power, namely 16 candle 
per ft.*, bull \yith the advent of the incandescent ; 
; together with the increasing use of coal gas for power ^ 
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and heating purposes this standard became of secondary 
importance and in some districts has been^>artl^^ replaced 
by one ol calorific value, namely 276 C.H.U.^t.*. 

It should be remembered tlial nearly all town gas contains 
a considerable pro|)ortion of carbiiretlcd water gas or even 
of blue water gas the calorine value of carbiiTvtted water 
gas is, however, not greatly different frohi that of coal gas. 

The sulphur content of coal gas is ird/iortant in connection 
with its domestic and industrial use/, c.g. in metal melting, 
annealing, etc., at least in such cases as the metal is exposed 
to the products of combustion. The ‘imtial high content 
(according to Meade the H2.S present in crude cdal gas is of 
the order of 500-800 grains/ioo ft.J = o-8-i*3 % by 
volume, in addition to some 35-50 gmins/ioo ft.^ of other 
sulphur compounds) is reduced by methods described else- 
where to a value of the order of 35-50 grains/ipo ft. the 
residue being mostly carbon disulphide. ^ 

General.— Applications of Coal Gas.— For small 
plants, coal gas has many advantages over the cheaper 
producer gas on account of the absence of any overhead or 
standby costs in the way of generators, gas-holders, and fuel 
storage, and in uniformity as regards quality, pressure, etc. 

Furna^ce Operations.— Of late years, and especially 
during the war, gas firing has come into extensive use for 
metal melting, annealing, and reheating ope^ratioas. Much 
u^ful information on the subject Of gas firing of crucibles 
for the mftting of non-ferrous alloys may be obtained from 
‘ the Annual Reports d( the Royal Mint, the results*of the 
working being summarized by Hock?ng in Trans, Inst, 
Metals, (1917), ii., 149. The following table, compiled from 
Hocking ’s paper, inicafes the genera! result of changing 
the melting stem from one using coke to a gas fired system 


Fuel uIjU 
per lb. 
rartai. 


Coil ol lut 1 per/on meiaj 
(coke, iwn) * 

(gai, 20 2d. per looo lt.>). 


Cost in crucibtal 
per ton metal. 


^ - - . , . f 

• 

Coke melting (1905-1900} 0 55 lbs. 21-3 shillings - 39‘8«shiniiigt 

Gas melting (1911-1916) 5 45 ft*. , 20*58 slfillings 26*8 shillmgl ^ 
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If the net calori^c value of the coke be taken as 8000 
C.H.U./llf.<ind 1 Jiat of the gas be taken as 280 C.H.U./ft.^, the 
heat units expended per lb. metal are (i) coke, 4400C.H.U.; 
I2) gas, 1526 C.H.U. 

A reduction in ws^es from 157 to 10*8 shillings per ton 
metal was also recorded for the years 1909 and 1913 respec- 
tively with coke and^as firing. The output per furnace was 
increased to from 190'% to 260 % of that realized with coke 
according to the alloy nftlted. The gain in speed is, of course, 
most pronounced with th^ first heat. 

Somewhat similat conclusions are arrived at by Brook, 
using a Brtiyshaw furnace (Trans. Inst. Metals, (1917), ii., 
171). According to Forster (]. Soc. Chem. Ind., (1917}, 
1264), the gas c9nsumption varies from 2*4 ft.^/lb., equivalent 
to some* 2i*% efficiency, in melting 60/40 brass ingots to 8*5 
ft.^/lb. (efficiency some 7-8 %), in melting cupro-nickel, 
using the ordinar}’ pit type of furnace. Amongst advantages 
may be mentioned the ease of recovery of spillings by avoiding 
the^necessit}' of grinding and washing the ashes, as in the 
case of the coke-fired furnace, this being important in the 
melting of brass, nickel silver, cupro-nickel, etc., as well 
as with precious metals ; further, the metal from an acci- 
dental breakage of the crucible is easily recovered. As 
regards crucibles, the economy indicated above can only be 
secured bj^tlw^use of (graphite) crucibles of special compo- 
sition ; with the ordinary variety, as the author has experi- 
enced in the melting of nickel silver, etc.,* the^life is apt 
to be shortenefl by fltking, owing tOi local oxidation and to* 
sudden heating whicji do not occur with a coke furnace.* 

* The importance of the crucible cost^, which a reference 
• •• 

• It should be remerfbered, as pointed out by Thornton and Hartley, 
Trans. Inst. Metals, (1917). ii , 3^ob, that th^ oxidation* of the graphite 
crucible does not depend simply on the presence of less oxygen than that 
corresponding to th% stoicheiometric requirements for combustion ; the 
attack on the ^rbon#vill depend on fce ratio of ^hc carbon dioxide^ to 
carbon monoxide at an} particular temperature, this ratio ^ turn being 
conditioned by the completeness of combustion and by the'water g^ 
* equilibrium. Even wheu^a considerable excess of gas is used the ratif 
3 )«/CO will be fairly high, and a consideration of the CO/CO, /C equili- 
brium at the partial procures in question (compare e.^. p. 303) will sufl&ce 
*to show that m the case of carbon, oxidation will always tend to occur. 
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totbetatiewm show to be greater tlu& tbftof tbe fad, k 
not always realized in the conaderatioa/of gM-fenoos 
melting. ^ 

Amongst other advantages of gas firing may be mentioned 
(cf. Greenwood and Hutton, Trans. Inst, Metals, (igi7), i, 
237)— (i) the greater ease of regulating the heating and of 
maintenance of a slightly reducing atmosphere ; (2) decreased 
contamination of the metal by sulphur; and (3) greater 
ductility of the alloy, demonstrating itrelf both by the ordinary 
mechanical tests, e.g. greater elongation and greater endur- 
ance under torsion, and also in the production of “ (fifiicult 
spinnings,” a matter of great practical importance. There 
are, however, some disadvant^es, such as the noise, increased 
zinc losses due to the rapid movements of the gases, etc. 

The above remarks apply particulafrly to • the usual 
practice of intermittent working in non-ferrous melting; 
for continuous working on a fairly large scale, re*generative 
producer gas furnaces are more economical. Thus, Teisen 
(Trans, Inst, Metals, (1917), h,, 257) reports for a Hermansen 
counter-current recuperative furnace, a coke consumption of 
0'i8 Ib./lb. brass melted. In the design of melting furnaces 
it is important to keep down the combustion space round the 
crucible, the resulting high gas velocity producing better 
heat-intercUange, cf. p. 45 ; the shape of the inlet nozzle 
is also important. ^ ^ 

Thus far only melting furnace^ have been considered. 
Turning t%- the* more general aspects of the question, gas 
‘furnaces may be divide^ into three geieral clfsses: (i]t those 
operating with gas at a pressure of 2 tj;^ 3 in. of water and 
drawing in air like^the ordinary Bunsen burner ; (2) those 
operating with gas at a pressure of 2 to j in. of water and 
air at I to 3,.lbs./in.*; and (3) those operating wit|f gas 
at a comparatively lii^h pressure, e.g, 12 lb8./in.* on 
th^ Bunsen principle. Sys^m (3), which^has been applied 
on an /;iAensive scale in Birmingham, gal being duk 
ftibuted at a pressure of 12 lbs./in.* (cf. Walter, Tfam^: 
Inst, Metals, (1917), "ii., 185), is more or less equivalent; 
to (2). It has the advantage *of disp^ising with the 
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; u Wower, tik gaS consumption is greater than with (2), 
biit the 4 yiing^^ 3 u£fers less. Various intermediate proce- 
dures have been adopted, e.g. in the internally-fired reheating 
%iniaces built by the Richmond Gas Stove Company ; these 
are fed with air at a pressure of a few inches of water from a 
fan, the air not being mixed with the gas before the point 
of combustion. A luminous flame results. The incoming 
air passes through fireclay tubes in the furnace bed, in counter- 
current to the exit gaiies, and a high efficiency is attained. 
Thus, 100 to 300 ft .3 of coal gas are required per cwt. metal 
anneafed, according# to its thickness. Much more may be 
expected im the future from development of the principle 
of utilizing the heat of the products of combustion for the 
preheating of the m*etal and ^e air. Efforts in this direction 
have given thermal efficiencies of the order of 20 %. Pre- 
heating of the gas tends to cause carbon deposits by cracking. 
One of the best known furnaces of type (2) is the Brayshaw 
fumaCe. In many annealing operations, the maintenance 
of j neutral or reducing atmosphere is of great importance 
in avoiding surface oxidation, decarburization, etc. ; gas- 
fired furnaces are eminently suited for such purposes. 
Further, using gas, uniformity of temperature throughout 
the furnace is readily secured. 

According to Hadfield (loc. cit,, p. 341), the Volume of 
coal gas x;gquired for the heating of steel in bulk to 900® C. 
is 1*23 ft.^b.,* equivalent to a thermal efficiency of 32 %. 
To give an idea of the impetus given by th^ wai^to the use 
of coaj gas, itt may«be mentioned ^that the consumption* 
during the year iqijjat the works of Messrs. Hadfield, Etd., 
was 360 million ft.^, while in some towfls the consumption 
has been more thdb doubled. •* 

Coal gas is used extensively in the heat treatment, forging, 
etc., of tools, including those of high ^eed steel, whi^ demand 
a temperature of^bout 1300® ; also for the annealing jof 

g^ass and wire ; in the textile industries ;* in he^tyig shell- 
liraniishuig stoves, tai for other purposes too numerous tf 
; kmitiott. 

Power Producdon*— Reference has been made to the 
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relative advantages of coal gas and semi-water gas for powi^r 
production. Since the modem gas engine ha^a nef efficiency 
of some 27 % on full load, the volume required per B.H.P.H, 
of coal gas with a net calorific value of, say, 280 C.H.U; 
{504 B.T.U.) per ft.^ at 15° C. 


ft 3 at 15^ C. 


280 X 0*27 
= 187 ft .3 at 15° C. ^ 


equivalent to 5250 C.H.U. ^ 

Other Applications of Coal Gas —It is hardly necessary 
to dwell here on the domestic uses of coal gas. • One may, 
however, mention that the modem gas fire has an over-all 
efficiency’ up to about 75 %, some 35 to 50 ^ being directly 
radiated into the room. “ • ‘ 

During the war, owing to the scarcity of petrol, coal gas 
has been used for motor traction, in flexible mbber containers 
and also compressed to some 50 atmospheres in steel cylinders 
or to about 17 atmospheres in the equivalent of a Is^ige 
pneumatic tyre. It is found that in practice 1000 ft.* are 
equivalent to 3 to 4 gallons of petrol. 

Coal gas, preferably after being bubbled through am- 
monium hydroxide, is used for case hardening (cf. /. Gas 
Lighting, 182 , (1915). 312 ; 184 , (1916), 691). 


Coke-oven Gas 

In the f 'odiiction of coke for metallurgical purposes, the 
early “ beehive ’’ proc^ which is, otfe regrets to say, still 
in use in this country, depends on the* partial combustkm 
of the coal (cokingf with no recovery of the ammonia, W 
products, etc. In the modem type of cokfdven, carbonization 
is effected in. very latipie closed retorts, and the gas evdved 
—after treatment for by-product recovery— burnt in part 
to heat the retorts, reasonable efficiency b^ihg secured by tiie '~: 
use of igg^rators or by passing the hot products of 
l^ustion through boilers. Some 50% of the total gasprodvod^ 
is required for th^heal^ of the retorts; therestisartdlalilllK 
' ^ gas has a composition similaf to that^bf coal gas, bat 
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contain more ^trogen owing to ingress of air. The weight 
of coal re^uiredfor looo ft.®, if no gas were used for heating ; 
^the calorific value of the gas ; and the volume required for 
the production of one are similar to the corre- 

sponding values for coal gas. 

When one considers that some 20 qjilhon tons of metal- 
lurgical coke are produced annually in this country, the 
possible recovery of gas is seen to be of the order of 13 million 
ft.® per hour, equivalel^t to about 600,000 H.P. Utilization 
for pojver purposes is already in progress on a large scale on 
the North-east coaSt, while in some cases, e.g. at Leeds, 
Middlesbrohgh and Sheffield, the gas is piped for municipal 
supply. In such qfises the poorer first and last portions of 
the gas are oftep collected separately and used for the 
heating. 

Coke-civen gas is often used in admixture with blast 
fumaje gas for heating steel furnaces. When used in this 
way, passage through the regenerators reduces the calorific 
value per unit volume by some 30 % (Simmersbach, Stahl u. 
Eisen, 83 , (1913), 239, 273), and there are advantages in 
heating the air alone. By burning under steam boilers an 
efficiency of 60 to 70 % can be obtained with an evaporation 
of about 5 lbs./ft. 2 /hr. (cf. Kershaw, Engineer, ^ 24 , (1917), 
28). 

Blagt-furnace Gas 

In the smelting of iron ore the necessar>^ teiffperature is 
obtairifed by the combustion of (exce^) carbon by air, result- 
ing in the producticto of very large volumes of gas similar 
in composition to fik producer gas except that more carbon 
dioxide is present ^cf. Table 29J.* Originally allowed to 
bum at the throat of the fumice, Ijie gas was used later 
(1837) the pre-heating of the blast and also.for steam 
raising, but g sur^us still rem^ed, increasing ps the hpt- 
blast stoves were made more efficient. 

* For each ton of jJig iron produced, about 150,000 it.® 01 
gas are* obtained (^cording^to Hubert), some 60 % being 
Required for the hot-blast stoves and for generating power 

A - 2^ 
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for the blast, etc. Thus, for each ton of iron we have some 
60.000 ft .3 of gas of net calorific value about^7 C/!.U./ft.3. 
Taking as before an cfticieiicy of 0 27 in the |:as enRine, the 
pONNcr jiroduclioii |kt ton of iron 

^ (hkk>o ^ S7 ’ ^‘^7 jj ]{ p jj 

“ « 1413 

05 j B H V H. 

cvn^hkr.iiuKi <'i thr monnoft*? quantities of eokc 
BList u; uaids <V 2*' niillion tons annum 

in tin" Lun:;tn-- tn* j-'i.S'-:.*)]' jMou*r dcy^h^tnicnt i*> ob\’jous. 
Some ]»ower station^ on tiux liiu-s are in o[»crat!on on the 
Xortii-east coast. It was jnedicled by Hutchinson of the 
Skinningrovc Iron Coinpany. that the j>otentiaJ energy of 
the blast furnace gas would suhice to procfuce all the* power 
required for the production of iiiiished steel rails^ from the 
ore. The high compression of about 155 lbs. /in.- is used 
without risk of pre-ignition. 

It is essential to remove ver\- thorouglil\' the large amoimt 
of dust in the gases— about 5 grams;ni.^— the removal being 
effected either dry b}* bag lilters after cooling the gas. since 
it leaves the furnace at about 250'" C., or w’et by a Theissen 
fan (Reinhardt, Trans. Iron and Steel Inst., (1906), iii., 47), 
the maximum permissible residue being of the order of O'OI 
gram/m. or by a combination of the twq m^fhods (cf. 
also electrostatic dust removal (p. eS). With reference to 
the recoveif of potash from the blast furnace gases, see Chance . 
\j. Soc. Chem. Ind., ^.918), 222T; Berry and M'Arthur, 
lb., iT. 

Nig^tural Gas 

Natural gas is evolved from petroleum wells in prodigious 
quantities, in the UnitecJ States and Canada. In smaller 
arpounts it has bqeii found ftlso in Hungs^, ne^ar Hamburg, 
and eve» in England (Heathfield in Sussex). A representa- 
live composition is given in Table 29, but there is consider- • 
able variation from V^U to well and also with the amount 
drawn from a particular source. Thul, hydrogen may b^ 
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present to tl^f extent of about 20 % while i % of carbon 
monoxiSe may be found in some samples. Up to about 
^ I % of heliunkmay be present (cf. pp. 131-3). 

The gas is tapped ofi at pressures up to 40 atmospheres, 
and is sometimes measured for distribution purposes at 
this pressure; in this connection tjne very considerable 
deviation from perfection of the gas at high pressure is of 
importance (cf. Burrell and Robertson, U.S. Bureau of 
Mines, Tech. Paper Nb. 131). 

Iq the United States and Canada the gas is distributed 
over ver)' large areas for heating and lighting, some 900,000 
million ft.^ being consumed in 1917. In connection with a 
recent cyanamide .plant in Hungary some 2500 million ft. 3 / 
annum of natnraji gas are being utilized for power purposes. 
If compressed for distribution in cylinders, some of the 
higher bailing petroleum constituents present are liquefied 
out and may be separated, the calorific value of the gaseous 
fraction possibly being lowered by some 20 % (cf. Dykema, 
U16. Bureau of Mines. Bull. 151). Natural gas gives a flame 
of high calorific intensity. 

There would appear to be a promising field for research 
in the utilization of natural gas for the production of form- 
aldehyde~by catalytic oxidation (cf. D.R.P. 2i4,i65)—and 
of other organic compounds. In D.R.P. 281,084/13 Herman 
proposes^q produce nitric acid by the combustion of methane 
with oxygen-enriched •air under pressure or by surface 
combustion. 

Aft excellent discussion of the properties and possible 
applications of meViane is given by Malisoff and ligloff, J, 
Phys. Chern,, 22 , (1918), 529. 

Surface CoiAh'istion,— The principle of surface com- 
bustion, i.e. the flameless combination of two gases on the 
incandescent surface of a solid, w^s first suggested by the 
experiments^of ifayy in 1817, and has rece^jLly been elaborated 
by Bone as a result of his researches on the c^taly^oicombina- 
• tion of hydrogen ahJ oxygen (Phil, Trans., A 206 , (190^, 
i), and developed jn a technical basis in conjmiction with 
^McCourt. 
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Peihaps the simplest form is that in whyi a mixture 
of gas and air in the correct proportions or witih sligrit: excess 
of air, is forced at considerable velocit}* through a refractory ^ 
diaphragm, combustion occurring on the other side which 
becomes highly incandescent; combination is confined to 
I'" or I" below the surface. It is necessar}', of course, that 
the diaphragm be sufficiently refractorj’to avoid risk of fusion. 

The advantages of such an appliance for heating purposes 
are ; (i) the high proportion of radiant^ energy, the radiation 
from a solid surface being proportional to the fourth power 
of the absolute temperature ; (2) the fact that combustion 
is effected without the use of more than a slight* excess of 
air; and (3) that high temperatures may he readily obtained 
without the aid of cumbrous regenerators, »When apphed 
to the heating of a crucible or a muffle, a granular refractor}’ 
material such as carborundum or fused magnesia is packed 
around and the gas mixture introduced with a velpcity 
sufficient to prevent back-firing. 

Most attention has been paid, however, to the gas-fii^d 
steam boiler, the efficiency of which is notoriousl}’ low 
(usually not exceeding 60 %, according to Bone), owing to 
the relatively small radiation and the low rate of transmission 
of heat from gases to surfaces (cf. p. 45). In the Bone- 
Court system the usual procedure is to pack the tubes of a 
multitubular boiler— 3'' to G'' diameter— with ^'•granular 
refractor}' ; ^the heating efficiency is Confined mainly to the 
first portions of the tube (about 70 % ^ the first third) 
as combination is comjiSete in a short ijngth* the granular 
material in the remaining portion of the "tubes acting merely 
to improve the turbulencp and so increase,^the coefficient of 
heat-interchange. It is stated that the gases leave at 
130-200® C., *a net •thermal efficiency of over 90% 
being realised. Thus, a -boiler with no 3^ tubes (4' long) 
erected at the works of th? Skinningro^ Iron Company, 
Ijtd., gavl an evaporation of 14 Ibs./hr./ft.^ surface at and 
from 100® C., burning coke-oven gas, and an efficiency of 
93 % or 94 % l^ged.- In othet cases ap evaporation of 20 
jbs./hr./ft.2 is claimed. 
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In the later types wide tubes (about 6'') of considerably 
greater®ieng^l^ are used. A specially moulded refractory is 
used in the t^bes, and combustion is not flameless as in the 
vSkiiiningrove boiler, giving a longer life to the refractory. 
The air-gas nyxture is supplied at a pressure of about 20 in. 
of water. ^ 

The process wSrks best with gases of high calorific inten- 
sity, such as coal gas, carburetted water gas, natural gas, 
etc., but even blast furnace gas may be used by first starting 
up ^th coke-oven ga,« or by using pre-heated air. I^arge 
hardening furnacefs have been constructed with a thermal 
efficiency* of 32 %, while claims are made for the melting of 
brass with 175 (cf. p. 349), equivalent to a net thermal 
efficiency of the order of 29 %. Lead melting is effected by 
means of a bent submerged tube packed with a granular 
refractop’, with an efficiency of some 69 %. 

Diaphragms of the type described have found successful 
application in the evaporation of sugar solutions. 

« 


Gas Calorimetry 

In the control of plant for the production and utilization 
of gaseous fuels, efficiency and economy are greatly enhanced 
by the use of calorimetric testing apparatus, especially 
recording^ apparatus. The usual type of gas calorimeter, 
e,g. those of Junker aiad Boys, consists essentially of a central 
combustion chamber in which the gas flame burns at^a 
burner without touching the walls, tihe products of combustion 
being led throughVr round coils or tubes in counter-current 
to a regulated stream of cold water, t6e temperature rise in 
which is noted ty .means of suita"ble thermometers. In the 
Boys calorimeter the-water content ^ only about J that of the 
Junker. The thermal efficiency exceeds 99 % under suitable 
conditions^ condensed •water is t collected an4 the 
necessary correction applied for the calgulation#of the net 
calorific value — roughly equivalent to a deduction of 600 
calorfes per c.c. w|ter. ^ . • 

It is not difficult*to render such an instrument recording ; 



INDUSTRIAL GASES 


358 

I ( 

in the Junker instrument this is accomplished recording 
the E.M.F. of a differential thermocouple peasth^ng the 
temperature difference between the inlet aijd exit water 
streams respectively, the water and gas rates— or their ratio- 
being maintained constant by suitable mean^. The vSarco 
instrument depends qji the difference in the height of two 
columns of oil interconnected at the bottom, one of the 
columns being heated by the gas flame and provided with a 
jacket carrying radiator tins ; net valu'es are indicated. 

« 
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